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PREFACE 
This thesis entitled "Heterogeneous Photocatah•sed reaction of few selected organic 
systems" deals with the photocatalytic degradation of few selected organic pollutants 
in aqueous suspension of titanium dioxide under a variety of conditions with an aim to 
determine the optimal degradation conditions. In order to have better understanding of 
the degradation processes, the various intermediate products formed during the 
photocatalytic degradation have been detected using GC-MS analysis technique. This 
thesis is divided into five chapters. 
The Chapter 1 of this thesis deals with the brief introduction about the water 
pollution caused by organic chemicals especially pesticides and dyes. The various 
conventional wastewater treatment techniques used and their limitations are also 
discussed. The mechanism of semiconductor photocatalysis has also been described. 
A brief review of the work carried out on TiO2 photocatalysis has also been included. 
The Chapter 2 of this thesis deals with the degradation of three selected pesticide 
derivatives such as Dinoseb (1), Dinoterb (2) and Thiamethoxam (3) in aqueous 
suspensions of titanium dioxide in the presence of UV light and atmospheric oxygen. 
The degradation was studied under a variety of conditions such as, the type of 
photocatalyst. reaction pH. substrate concentration, catalyst concentration and in the 
presence of different electron acceptors in addition to atmospheric oxygen. The 
irradiation experiments were carried out using the "Pyrex" filtered output of a 125 W 
medium pressure mercury lamp in an immersion well photochemical reaction vessel. 
The degradation was studied by monitoring the change in substrate concentration 
employing UV spectroscopic analysis technique. In case of pesticide derivative 3 the 
effect of various additives was studied by monitoring the depletion in TOC content as 
a function of irradiation time. 
The rate of degradation and mineralization was calculated in terms of molL l min" 
using the following equations, 
d[C] =kC" 
dt 
d[TOC] = kC," 
dt 
TOC = Total Organic Carbon, C = concentration of the pollutant, k = degradation 
rate constant, n = order of the reaction. 
All three pesticide derivatives under investigation were found to degrade efficiently 
in the presence of Ti02 and the degradation rates were found to be strongly influenced 
by the different parameters studied. The photocatalyst Degussa P25 was found to be 
better for the degradation of all three pesticide derivatives as compared to other Ti02 
samples (like Hombikat UV 100 and Millennium inorganic PC500). The results 
manifested that the photocatalysis of these pesticides follows pseudo-first-order 
kinetics. The degradation rates were found to be better in weak acidic pH range. The 
different electron acceptors employed have been found to accelerate the reaction rates. 
The mechanistic details and discussion regarding the effect of various parameters on 
the photocatalytic degradation of different compounds under investigation has been 
discussed in detail. 
The GC-MS analysis of Dinoseb (1) after eight hours of irradiation in Cl-I3CN/H20 
mixture in the presence of Degussa P25 showed the formation of two intermediate 
products 6 and 7. Similarly the GC-MS analysis of Dinoterb (2) after eight hours of 
irradiation under analogous conditions showed the formation of two products out of 
which only one could be identified as 2-isopropyl-4.6-dinitro-phenol (11) on the basis 
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of the molecular ion and mass fragmentation pattern. The GC-NMS analysis of 
Thiamethoxam (3) after three and six hours of' irradiation in aqueous medium under 
analogous conditions showed the formation of eight intermediate products. These 
intermediate products were characterized on the basis of molecular ion and mass 
fragmentation pattern. The probable pathways for the formation of various products 
during photocatalytic degradation of pesticide derivatives 1-3, involving electron 
transfer reactions and reactions with hydroxyl radicals and superoxide radical anions 
formed in the photocatalytic system, have been proposed in Schemes 2.1, 2.2 and 2.7 
respectively. The mass fragmentation of the various products formed during the 
photocatalytic degradation of Thiamethoxam (3) has been discussed in detail in 
Scheme 2.3-2.6. The main routes for the photocatalytic transformation of pesticide 
derivatives were found to be ring hydroxylation, side chain oxidation, dehalogenation, 
dealkylation, reduction of nitro group into amino via nitroso and cyclization. 
The Chapter 3 of this thesis deals with the photocatalyzed degradation of three 
selected pesticide derivatives namely Bentazon (1), Chloramben (2) and Cyanazine 
(3) in aqueous suspensions of titanium dioxide in the presence of UV light, 
atmospheric oxygen, and the presence and absence of H202. "I'he degradation of 
Bentazon (1) has been studied by monitoring the depletion in TOC content as a 
function of irradiation time whereas the degradation of Chloramben (2) and 
Cyanazine (3) has been studied by monitoring both changes in substrate concentration 
and depletion in TOC content as a function of irradiation time. The use of 1-1202 
substantially increased the efficiency of TiO-, photocatalytic degradation. Titanium 
dioxide Degussa P25 was found to be more efficient as compared with other two 
commercially available TiO2 powders like I lombikat UV 100 and PC500 from 
Millennium Inorganic Chemicals. 
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In case of Bentazon (1) the photocatalytic mineralization rate was found to increase 
with the increase in initial pH from 2.0 to 5.2 and then decreased with further increase 
in p1-I. In case of Chloramben (2). the rate was found to increase with increase in pH 
from 1.2 to 6.8 and then decreased with any further increase in pH. In case of 
Cyanazine (3), highest rate was observed at p1-I 2.2 which was found to decrease 
slowly with increase in pH. 
The GC-MS analysis of Bentazon (1) after six hours of irradiation in aqueous medium 
in the presence of Degussa P25 (1.5gL-1) under constant stirring and bubbling of 
atmospheric oxygen showed the formation of five intermediate products. Their 
structures have been proposed either on the basis of molecular ion and mass 
fragmentation pattern or by comparing their NIS data with GC-MS (NIST) library. 
Probable fragmentation pathways of few degradation products have been discussed in 
detail in Scheme 3.1-3.3. On the basis of structure of various degradation products, a 
probable degradation pathway of Bentazon (1) was proposed as described in Scheme 
3.4. The main routes of degradation were found to he loss of sulphur dioxide, 
dealkylation, hydroxylation, oxidation of amino group into nitro group and 
denitration. 
The GC-MS analysis of Chloramben (2) after six and ten hours of irradiation in 
CH3CN!I120 medium under analogous conditions showed the formation of several 
intermediate products which were confirmed by comparing their mass fragmentation 
with the NIST library. The major routes for the formation of various products during 
photocatalytic degradation of Chloramben (2) \\,ere found to he dechlorination and 
deamination reactions as shown in Scheme 3.5. 
The GC-ISIS analysis of Cyanazine (3) after six and ten hours of irradiation in 
CH3CN/H20 medium under analogous conditions showed the formation of several 
intermediate products which were characterized either on the basis of molecular ion 
peak and mass spectrometric fragmentation pattern or comparing them with the NIST 
library. The major routes for degradation of Cyanazine were found to be dealkylation, 
dechlorination, decyanation and hydroxylation reactions shown in Scheme 3.6. 
The Chapter 4 of this thesis deals with photocatalytic degradation of six selected 
pesticide derivatives such as Chlorophene (I). Trifluralin (2), Prometon (3), 
Clodinafop-propargyl (4), 1.2-dichloro-4-nitrohenzene (5) and mono-methyl-5- 
nitroisophthalate (6) in the presence of TiO2 in aqueous or accetonitrile/water mixture 
under continuous purging of atmospheric air. The course of degradation was followed 
by thin-layer chromatography and gas chromatography-mass spectrometry techniques. 
Electron ionization mass spectrometry was used to identify the degradation species. 
GC-MS Analysis indicates the formation of several intermediate products which have 
been characterized on the basis of molecular ion, mass fragmentation pattern and/or 
comparison with the GC-MS (NIS"I') library. The photocatalytic degradation of 
pesticides of different chemical structures exhibited markedly different degradation 
mechanism. The major routes for the degradation of pesticides were found to be: (a) 
Dealkvlation, dehalogenation. decarhoxvlation. denitration, if present (b) 
Hydroxylation (c) Oxidation of side chain, if present (d) Isomerization and cyclization 
(e) Cleavage of alkoxy, amide, amino-alkoxy and ester bonds (f) Reduction of triple 
bond to double bond and nitro group to amino was also observed. Probable pathways 
for the photocatalytic degradation of compounds 1-6 have been explained in Schemes 
4.1-4.6 respectively. 
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The Chapter 5 of this thesis deals with the photocatalyzed decolorization kinetics of 
three selected dye derivatives, Phloxine B (1), Ponceau BS (2) and Reactive Blue 160 
(3) in aqueous suspension of Ti02 using UV light under a variety of conditions. The 
decolorizations of these dyes were tested with different Ti02 photocatalysts varying in 
size, surface area and anatase: rutile ratio such as PC500-Milennium, UV I00- 
Hombikat and P25-Degussa. Photolytic, Photocatalytic and dark adsorption 
experiments were performed in all three cases. Appreciable adsorption of all three 
dyes was observed on Hombikat UV 100 as compared to that on Degussa P25. The 
dark adsorption behavior of all three dyes has been found favorable by the Langmuir 
approach. The photocatalyst UV 100 was found to be more efficient for the 
decolorization of Phloxine B (1) whereas the decolorization of Ponceau BS (2) and 
Reactive Blue 160 (3) was found to be better in the presence of Degussa P25. The 
effects of various parameters such as catalyst loading, initial pH, substrate 
concentration and electron acceptors such as H,02, KBrO3 on the decolorization have 
been investigated. Increase in pH from 3.5 to 5.2 for 1 and from 3.5 to 4.9 for 2 lead 
to increase in decolorization efficiency. Further increase in pH had apparent decrease 
in decolorization. After 5 minutes of irradiation, the decolorization efficiency was 
89.8% in acidic medium (pH 3.5). 95.1% in weak acidic medium (pH 5.2) and 17.4% 
in the alkaline medium for dye 1. In case of dye 2, the decolorization efficiency was 
88.49% in strong acidic medium (pH 3.5). 90.68% at pl-1 4.9 (pH of the suspension) 
and 43.75% in the alkaline medium (pH 11.0) after 15 minutes of irradiation. In case 
of 3, the decolorization efficiency was found to decrease with increase in p1-I from 3.4 
to 10.8. It was found to be 88.09% in acidic medium (p'1  3.4), 70.04% at pH 6.3 (pH 
of the suspension) and 17.93% in alkaline medium (pl-I 10.8). The results indicated 
that the photocatalytic decolorization of all three dyes was most efficient in acidic 
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medium than in alkaline solution. Under the operating conditions employed the 
photocatalytic decolorization of dyes under study follow pseudo first-order kinetics. 
The photo decolorization kinetics of dye derivatives 1-3 was discussed in terms of 
Langmuir-Hinshelwood kinetic model. 
Note: The number of the various compounds given in the parenthesis corresponds to 
those under the respective chapters. 
Chapter 1 
GENERAL INTRODUCTION 
1.1 Water pollution by organic chemicals and conventional wastewater 
treatments 
Nature has bestowed plants with an ability to produce poisonous chemicals so as to 
prevent the attack of insects and predators. Based on this phenomenon, man has 
developed a preventive strategy to take advantage of a more productive agriculture by 
using synthetic chemicals. This preventive scheme is based on the use of pesticides to 
avoid proliferation of pests and on the utilization of herbicides to control undesirable 
weeds. The employment of synthetic chemicals for the crop protection and to improve 
yields started in 1932 with 4,6-dinitro-o-cresol [ I ]. Then, after second world war, with 
the availability of urea derivatives (1950), bipyridiniums (1960), triazines (1955) and 
with the commercialization of 2,4-dichlorophenoxyacetic (2,4-D, 1945) and 4-chloro- 
2-methvlphenoxyacetie acids (MPCA, 1946), the use of pesticides/herbicides became 
a usual practice [1, 2]. During the last three decades, chemical control of pests and 
weeds has been introduced throughout the world for minimizing the losses in 
agriculture. A wide range of insecticides, fungicides, molluscicides, bactericides and 
herbicides, including fumigants, have become important in agriculture mainly in the 
developed countries. 
A large amount of these chemicals end up as runoff into the streams, rivers, lakes and 
make water unfit for use. Some of these chemicals, having low soil sorption and high 
leaching capability make their way to the ground water [3]. Moreover common 
sources of highly polluted effluents containing these synthetic chemicals are 
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wastewaters/residual waters from manufacturing plants/industries and unused 
solutions coming from pesticide containers or agricultural equipments [4] 
Nevertheless, pesticides are only an example of anthropogenic pollution. In general, 
the scientific progress of modem societies has generated a vast range of toxic or non- 
biodegradable compounds of synthetic nature, such as pharmaceuticals, personal care 
products, dyes etc that also contribute to increase the level of pollution in aquatic 
ecosystems [5]. A large number of these compounds exhibit a high persistence in the 
ecosystem and are called "persistent organic pollutants" (POP). These compounds are 
bio-recalcitrant and not degraded by microorganisms during waste water treatments 
[6]. 
Many pesticides are potentially very dangerous not only to human health but also to 
other organisms in the environment j7]. Moderate exposure to pesticides in humans 
may cause mild headache, skin rashes, blurred vision and other neurological disorders 
while severe exposure may lead to paralysis, blindness and even death [8]. 
In addition to pesticides, another major class of chemicals reported to have a 
major contribution for polluting water resources are dyes [9]. Everyday dye 
factories across the world are dumping million of tons of dye effluents into 
the water bodies thereby polluting both fresh water of rivers as well as underground 
water which indirectly affects the human health as well as agricultural crops that too 
has an indirect impact on human health. 
Approximately more than 10,000 different dyes and pigments are utilized by textile 
industry with the annual worldwide production of approximately 2,000;000 tons. Azo 
dyes containing one or more azo bonds (N=N) predominate in textile industry. The 
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presence of different chromophores allow for personalized colour requirements. More 
than 2000 structurally different azo dyes are in commercial usage [10, 11]. 
Due to the poor exhaustion properties of azo dyes, almost 40% of the initial dyes 
doesn't fix to the fabrics and finally end up in the dye effluents. Even though dye 
concentration in these wastewater effluents amount to only a small proportion of total 
water pollution but their strong brilliance affects aesthetic value, water transparency 
and gas solubility of water bodies. This obstructs photosynthetic activity of aquatic 
plants and seriously affects the whole ecosystem 112, 13]. The stability of azo dyes 
under acidic/alkaline conditions and resistance to breakdown is responsible for their 
persistence and high accumulation levels in the environment [ 14, 15]. Their presence 
in water is of great concern since their precursors or biotransformation products like 
aromatic amines have been assessed for potential mutagenicity and genotoxicity [16-
19]. 
Moreover it is estimated that around 4 billion people worldwide experience little or no 
access to clean and sanitized water supply, while millions of people die annually 
because of severe water borne diseases [20]. These statistical figures are expected to 
increase in the near future because of increasing water pollution due to overwhelming 
discharge of pollutants and contaminants into the natural water cycle [21-231. 
With an aim to avoid accumulation of these toxic chemicals in the environment 
damaging living species and to suppress the worsening of clean water availability, 
development of advanced low cost and high efficiency water treatment technologies 
to treat wastewater for reuse is desirable. 
The reuse of onsite rural wastewater or the treated municipal wastewater from 
treatment plants for agricultural and industrial activities is a handy option and is 
anticipated to compensate more clean water use [24J. 
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Briefly conventional wastewater treatments involve physical, chemical, biological and 
mechanical processes. 
Physical treatments such as adsorption, filtration, flotation, flocculation and 
sedimentation merely concentrate the pollutants present by transferring them from one 
phase to a new phase instead of their complete elimination [25]. 
Biological treatments, based on microbiological activity, have received much 
attention and are well recognized and relatively economical. Unfortunately most of 
the synthetic organic compounds are resistant to biodegradation. For example, 
pharmaceuticals and their metabolites are frequently found in sewage effluents due to 
incomplete degradation in the sewage treatment plants that rely primarily on 
biological treatments [26, 27]. 
Chemical treatments include the application of chlorine, chlorine dioxide, per acetic 
acid and permanganate etc to oxidize organic matter. Nonetheless, occasionally the 
application of these oxidants on the original toxic compounds may lead to the 
generation of more toxic substances chemicals that aggravate the environmental 
problem. For example, the disinfection by products generated from chlorination are 
mutagenic and carcinogenic to human health [28-30]. 
1.2 Advanced oxidation processes (AOPs) for wastewater treatments 
Among the chemical processes the so called advanced oxidation processes (AOPs) 
have proved to be potential innovative water treatment technology for complete 
mineralization of organic contaminants under mild conditions. "1'he rationale of these 
AOPs are based on the in-situ generation of highly reactive transitory species (i, e 
11202. 0H, 02, 03) for mineralization of various organic pollutants in water. This 
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concept was originally established by Glaze et al. as "oxidation processes which 
generate hydroxyl radicals in sufficient quantity to affect water treatment" [31]. 
Litter et al. classified various AOPs into photochemical and non-photochemical 
processes as shown in Table 1.1 [32]. 
Klavarioti et al. [33] reviewed removal efficiencies of various AOPs towards the 
degradation of several organic contaminants and concluded the following results. 
Heterogeneous photocatalysis (32%), ozonation (30%), Fenton/photo-Fenton (13%), 
UV/H202 (12%), electrolysis (8%), sonolysis (4%) and wet air oxidation (1%). 
It is evident that among various AOPs. heterogeneous photocatalysis employing 
semiconductor as photocatalyst has proven to be widely applicable for the oxidation 
of ambiguous refractory organics into readily biodegradable compounds and 
eventually mineralize them into innocuous carbon dioxide and water. The insoluble 
nature of the semiconductor catalysts in aqueous media constitutes heterogeneous 
system. Compared with traditional oxidation processes, heterogeneous photocatalysis 
has the following advantageous features: 
I) Ambient operating conditions, such as temperature and pressure 
2) Complete mineralization without secondary pollutions 
3) Low capital and operational costs. 
Moreover, the potential of semiconductor photocatalysts to utilize solar radiations to 
create energy and initiate chemicals reactions has great industrial and environmental 
applications and will lead to promising solutions not only for energy issues ( due to 
the exhaustion of natural energy sources) but also for the many problems caused by 
environmental pollution. 
Table 1.1: Classification of some AOPs as Photochemical and non-photochemical 
processes [32]. 
Non photochemical processes 	Photochemical processes 
Ozonation in basic media (03/HO-) 
031H202 
03/Ultrasound 
H202/Ultrasound 
Electron beam 
Fenton (Fe2+/H2O2) 
Electro Fenton 
03/UV (X<320 nm) 
H2O>/UV (X<300 nm) 
03/H202/UV (X<320 nm) 
Photocatalytic Ozonation(A.<320 nm) 
Heterogeneous photocatalysis (X<400 nm) 
Photofenton(Fe2+/H2O2/UV) (A.<550 nm) 
Photoelectrofenton (~.<550 nm) 
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In addition, semiconductor photocatalysts are inexpensive, non-toxic, posses high 
surface area and exhibit tunable properties which can be modified by size reduction 
as well as by doping [34, 351. 
Various types of reactions are possible during heterogeneous photocatalytic processes 
such as photocatalytic oxidation, photocatalytic reduction, dehydrogenation, 
dealkylation, hydrogen transfer etc. Photocatalytic oxidation is the main reaction 
taking place in case of degradation of organic pollutants [36, 37]. 
A wide range of organic substrates such as alkanes, alkenes, aromatics, surfactants, 
herbicides, pesticides, fungicides and insecticides can be degraded and mineralized by 
the heterocatalytic oxidation using semiconductors as photocatalysts [38]. 
There are certain properties that govern the suitability of a material to be used as 
photocatalyst. The chemical element constituting the material should be capable of 
reversibly changing its oxidation state to accommodate a hole (in the case of a 
photoanode) without decomposing the semiconductor (such as Ti3+i--~Ti4 in non-
stoichiometric Ti02). The element should not have just one stable oxidation state in 
the semiconductor (as Cd-+ in CdS or Zn'' in ZnO, both of which are decomposed by 
the formation of holes). Also, the semiconductor must exhibit certain characteristics 
such as suitable band-gap energies, stability toward photocorrosion, nontoxic nature, 
low cost, and physical characteristics that enable them to act as catalysts. 
Several metal oxides (Ti02, ZnO, MoO,. ZrO,, \x'03, ct-Fe203, SnO,, SrTiO3), metal 
chalcogenides (ZnS, CdS, CdSe, «S2, MoS,) and their combinations have been 
examined for the degradation of various pollutants [39, 401. 
Figure 1.1 depicts the band structure diagram of different materials, along with the 
potentials of the redox couples [41]. It is clear that, Ti02, ZnO, SrTiO3 and ZrO2 
exhibit favourable band-gap positions compared to the other materials. 
ZnO and CdS have only one stable oxidation state (+2), and hence are prone to 
decomposition by VB holes, according to the following reactions: 
ZnO ± 2 h V B 	Zn'- -- 1 /2 O2 	(1) 
CdS - 2 h B —> Cd2 - S 	(2) 
Moreover, ZnO undergoes incongruous dissolution, yielding Zn(OH)2 on the surface, 
thereby leading to the deactivation of the material over a period of time [42]. 
ZnO ,- H2O 	Zn(OH)2 	(3) 
In case of W03 the lower edge of CB lies below the redox potential of H2O/H2 as 
illustrated in Figure 1.1, therefore generation of hydrogen gas via reduction of water 
molecules is thermodynamically unfavourable [43]. 
Likewise CB position of Sn02 is such that it is incapable of reducing oxygen 
molecules. Similarly in case of a-Fe203, the recombination of the photogencrated 
charge carriers is reported to be very rapid (within I ns) in absence of electron/hole 
scavengers since its VB edge exceeds the standard redox potential of H20/02 and CB 
edge is lower than the standard redox potential of 1-12/1-120 [44]. For these reasons the 
use of semiconductors other than Ti02 in environmental studies is rather limited [39, 
45]. However, Ti in TiO2 is capable of reversibly changing its oxidation state from +4 
and +3. and hence Ti02 is more favoured compared to the other materials. In addition 
to the above advantages. other factors like the non-toxic nature (environmentally 
benign), low cost and the ease of synthesis makes Ti02 the "photocatalyst of choice" 
for photocatalytic degradation reactions [41 ]. 
-2.5 H -2.0 
-3.5 1-- -1.0 
-45t-- O.0 
-5.51--- 1.( 
-6.5 F— 2.0 
(DI /1120 
-7.5 	3.l 
-8.51-_ 4.( 
E(%scuum)E vs \HE: (pH-1) 
Figure 1.1: Band gap energy and band edge positions of different semiconductor 
oxides and chalcogenides. along with selected redox potentials. Adapted from 
reference [411 with permission. 
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1.3 Mechanism of Ti02 Photocatalysis 
In 1972, Fujishima and Honda marked the beginning of a new era in heterogeneous 
photocatalysis when they carried out photocatalytic splitting of water on Ti02 
electrodes [46]. Then Carey et al. reported the photocatalytic degradation of triphenyl 
and chlorophenyl derivatives using titanium dioxide [47]. Since then more than 2000 
papers have been published on the subject [38]. 
Catalysis has been defined by Serpone et al. as `'a process in which a substance (the 
catalyst) accelerates/speeds up an otherwise thermodynamically favored but 
kinetically slow reaction, through intimate interaction(s) with the reactant(s) and 
concomitantly providing a lower energy pathway. with the catalyst fully regenerated 
quantitatively at the conclusion of the catalytic cycle". The term photocatalysis can be 
defined as a reaction where "light and a substance (the catalyst or initiator) are 
necessary entities to influence a reaction" [48]. 
The properties of a semiconductor photocatalyst like TiO2 can be understood in terms 
of a band theory. According to this theory, at 0 K, a perfect crystal of a semiconductor 
material possesses a group of very close and filled electronic states (valence band, 
VB), an empty region where no energy levels are available and at higher energies, 
another group of close and empty electronic states (conduction band, CB). The empty 
region which extends from the top of the filled valence band to the bottom of the 
vacant conduction band is called the band gap. According to the thermodynamic 
requirement, the VB and CB of the semiconductor photocatalyst should be positioned 
in such a way that, the oxidation potential of the hydroxyl radicals (E°(H20/OI-1') _ 
2.8 V vs NHE) and the reduction potential of superoxide radicals (E°(02/02' )_ —0.28 
V vs NHE), lie well within the band gap. In other words for the efficient 
photocatalytic process, the redox potential of the valence band must be sufficiently 
11 
positive to generate the hydroxyl radicals (e,g from H2O) and that of the conduction 
band electrons must be sufficiently negative to generate superoxide radicals (from 
02). 
Titanium dioxide exists in both crystalline and amorphous forms. Out of three 
crystalline polymorphs namely, anatase, rutile and brookite, the former two have 
tetragonal structure, whereas later one is orthorhombic. Anatase and brookite are 
metastable phases, whereas rutile is the most stable phase. Brookite and anatase 
convert to rutile when they are calcined at higher temperatures. The phase transition 
temperature varies with the method of preparation of the powders. All of these phases 
consist of Ti062- octahedra with the center atom of titanium surrounded by six oxygen 
atoms. Figure 1.2 shows the structure of Ti062- octahedron [49-56]. 
The anatase phase Ti02 (Eno =3.2 eV) is more active for photocatalytic applications, 
even though rutile phase Ti02 (Ear = 3.0 eV) possess a smaller band gap, indicating 
the possibility of absorption of long wavelength radiations. This may be because, the 
CB position of anatase Ti02 is more negative, as shown in Figure 1.1, compared to 
rutile, which results in the higher reducing power of anatase [41]. 
The mechanism of semiconductor photocatalysis involves the generation of valence 
band holes (h+ v13) and conduction band electrons (e-C13), when a semiconductor 
photocatalyst absorbs light photon of energy greater than or equal to its band gap 
energy (hv > Eno). The holes carryout the oxidation of organic compounds by the 
formation of hydroxyl radicals (in aqueous media), and the electrons mediate 
reduction and oxidation reactions by the formation of superoxide radicals (in the 
presence of oxygen). A pictorial representation of the mechanism of Ti02 
photocatalysis is shown in Figure 1.3 [57]. 
Figure 1.2: Structure of TiO 2  octahedron. 
• Ti 
• o 
12 
Ti02  
13 
ADSORPTION 
REDUCTION 
Ox1 + ne- -+ Red,  
Y./ 
(A <_ 400 nm) 
OXIDATION 
Red2 -+ Ox2 +ne-  
ADSORPTION  
- I 	Conduction band 
e• 	Eg 3.2 eV 
(anatase) 
+ 	Valence band 
Figure 1.3: Mechanism of photocatalytic degradation in the presence of Ti02, 
Adapted from reference [57] with permission. 
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The steps given in equations (4)-(27) provide a detailed mechanism of photocatalytic 
degradation of organic compounds, which is well documented [39, 41, 58-62]. 
Though Ti02 has been used as the semiconductor photocatalyst for the sake of 
representation, most of the following reactions are applicable for other semiconductor 
photocatalysts as well. 
Chari'e carrier `c'enneration: 
TiO2+liv 	 +eCB (4) 
Adsorption on the catalyst surface and Lattice 
Oxygen (OL - 
OL2 + Ti + HP — (=)LH- ± Ti'—(-)H- (5) 
Charge carrier trappilig: 
Ti1 ' — OH — + ;q 8 	Ti i%' — OH' 	(6) 
Surface trap: 
TiIV —OH--ec8 —Ti—OH 7') (7)
Deep trap: Ti1 ''+e~t3 	 ( ) 
Electron—hole recombination: 
Free electron with a trapped hole: 
Ti"' — OH ' + f'c~r3 	Ti i SOH 	(9) 
Free hole with a trapped electron: 
Till' + h VB ) Tii" 	 (10) 
Free hole with a free electron: 
hl B +eCJ 	heat 	 (11) 
Generation of hydroxyl radicals in the aqueous 
medizini: 
Hole pathway: 
Ti'v —H2O+1z- B > Ti~ V —OH'±H+ (12) 
Electron pathway: 
Tii1i .+O, 4: 	Ti1~' - O,-• 	 (13) 
Ti1\' - O; ' + 2H+ + ci f H Ti ler - H2O-) (14) 
Ti ll" - OZ ' + H+ <---• Ti"-HO 	(15) 
TI 1'T 2H0-,' , Ti« - H-,O7 +02 (16)  
Ti" -HO,-+e 8 Tier -OH'+OH- (17)  
Ti ll -H'O,+O,-' 
TO\`  - OH' + OIH - + Oz 	(18) 
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Adsorption—Desorption of a reductant (any organic 
substrate S): 
Tilt +S 	TiR~—S 	 ( 19) 
TiR' O H • + S 	Ti 1 .` — O H • — S 	(20) 
Adsorption-Desorption of an oxidant (cog. metal ion): 
Ti1v +M11+ HTi1"'— Mr1+ 	(21) 
PlotooXi0l2t1oIl of €i reductant: 
Direct hole attack: 
Ti'—S+Ti"'(l:V R ) ---0 
TiI'' +Ti i'? — I --, CO, + H-)O (22) 
Hydroxyl radical attack: 
Ti"—S+Ti1 "—OH' --> Til 'V + 
Ti"" —1 	CO + H2O 	(23) 
Ti" — S + OH' —, Ti"! — I ---~ 
CO,+H-,O 	 (24) 
Adsorption—Desorption of the organic intermediate: 
Ti"' + I 	Tile —1 	(25) 
Photoreduction of a metal ion: 
Tel\' — A,i1i+ + /lee 	> Ti e% — lit t rr—rii)+ 	(26) 
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In all the above reactions, Ti1 " denotes the four coordinated surface functionality of 
Ti02 or the `'active site". The reaction (4) shows the generation of charge carriers, the 
17 
characteristic time scale for their generation is of the order of Femto Seconds (fs) as 
confirmed by Flash photolysis technique [39]. 
The reactions (6-8) show trapping of these charge carriers. The Ti02 surface has 
surface hydroxyl groups which traps holes as shown in reaction (6). The reaction (7 
and 8) represents the trapping of other charge carriers i.e. electrons both reversibly (in 
shallow traps on surface) as well as irreversibly (in deep traps) respectively. The 
reaction (8) also shows the relaxation of electrons to the bottom of conduction band 
(CB). The electrons and the holes are delocalized which result in their recombination 
on the surface states or in the bulk of medium as shown in the reaction (9-12). The 
electron hole recombination reactions affect the interfacial charge transfer as well as 
quantum efficiency of the photo process. 
The reactions (12-18) show the generation of hydroxyl radicals in aqueous medium by 
two pathways i.e. hole pathway and electron pathway. The reaction (12) represents 
the generation of hydroxyl radical by hole pathway in which water molecules 
adsorbed on the Ti" surface react with the holes and produce hydroxyl radical. The 
reactions (13-18) show the generation of hydroxyl radical by electron pathway 
through the formation of other radicals viz superoxide (O,'-), hydroperoxy (HOO') 
and hydrox%,l ('OH), also referred to as active species. 
After the formation of active species, the reactants get adsorbed on the surface of the 
photo catalyst as shown in reaction (19-21).The reaction (22-25) shows the photo 
oxidation of a reductant through direct hole attack (22) and concomitant reduction of 
the oxidant through the attack of hydroxyl radical and CB electrons (23-24). The 
characteristic time scale for the above two processes is of the order of 100 ns and 
milliseconds. respectively [39, 61]. 
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From above it is clear that the oxidizing power of hydroxyl radicals or VB hole is 
always higher than that of reducing power of the CB electrons. The practical 
efficiency or quantum yield is always lesser than that of the theoretical yield because 
the above interfacial electron transfer steps compete with the electron-hole 
recombination reaction (l 0ns). The organic compounds transform finally to CO2 and 
H2O. 
The reaction (25) represents the desorption of products from the surface thereby 
freeing the active site of TiO2.The reaction (26) represents the reduction of metal ions 
present in the system to their thermodynamically stable oxidation states by the CB 
electrons. The reaction (27) represents the overall photocatalytic reaction. Oxidants 
are reduced and reductants are oxidized by the action of UV radiation on the 
semiconductor photocatalyst. 
(Ox i ),,ds + (Red2 )~,d; 	- Red i + Ox' 	(7) 
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Chapter 2 
HETEROGENEOUS PHOTOCATALYZED REACTIONS OF THREE 
SELECTED PESTICIDE DERIVATIVES IN AQUEOUS SUSPENSIONS 
OF TITANIUM DIOXIDE I'-31  
2.1 ABSTRACT 
This chapter deals with the study of heterogeneous photocatalyzed degradation of 
three pesticide derivatives Dinoseb (1), Dinoterb (2) and Thiamethoxam (3) in 
aqueous suspensions of titanium dioxide. The degradation was monitored by 
measuring the change in substrate concentration as a function of irradiation time using 
spectroscopic analysis technique. Detailed degradation kinetics of all the three 
pesticides was studied under various conditions such as substrate concentration, 
different types of Ti02 catalyst (anatase, anatase/rutile mixture), catalyst dosage, 
initial pH. in presence of electron acceptors such as hydrogen peroxide, potassium 
bromate. and ammonium persulphate/potassium persulphate under continuous purging 
of atmospheric oxygen. All the parameters have been found to show pronounced 
effect on the degradation rates of the pesticide derivatives studied in this chapter. The 
results manifested that the photocatalysis of these pesticides follow pseudo-first-order 
kinetics. An attempt has also been made to identify the intermediate products formed 
during the photoxidation of these pesticides using GC-MS analysis technique. The 
products were characterised based on their molecular mass and mass fragmentation 
pattern and probable mechanisms for their formation have also been proposed. 
2.2 Introduction 
For last ten years our research group has been actively involved in studying the 
photocatalytic degradation of pesticides [4-10]. Several other research groups have 
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also been involved in studying the semiconductor mediated photocatalyzed 
degradation of the pesticides all over the world [ 11-301. 
p-Nitrophenols have been reported to be the most common toxic organic compounds 
and persistent pollutants in industrial and agricultural wastewater [31-33]. They are 
considered to be hazardous wastes and priority toxic pollutants by U.S. 
Environmental Protection Agency (EPA) [34]. They are present in industrial effluents 
of chemical plants producing pesticides. explosives, dyestuffs, and products for 
leather treatment and in the agricultural irrigation effluents. Purification of wastewater 
polluted with p-nitrophenol (PNP) is a very difficult task because the presence of a 
nitro group in the aromatic ring enhances the stability to chemical and biological 
degradation. These pollutants are unaffected by aerobic biodegradation [351, while the 
anaerobic degradation produces nitroso and hydroxylamine compounds which are 
known to be carcinogenic [36]. 
Dinoseb (1) (2-sec-butyl-4,6-dinitrophenol) and Dinoterb (2) (2-tert-butyl-4,6- 
dinitrophenol) have been found in the effluents of military and chemical industries 
along with other nitroaromatic and nitramine compounds since these are of 
pyrotechnic applications [37]. 
Because of their persistence in the environment, the sediments from these pyrotechnic 
synthesis based industries are today sources of contamination for soil, groundwater 
and surface water [38-40]. 
Dinoseb (1). a p-nitrophenol derivative is used as a herbicide for soybeans, 
vegetables, fruits and nuts, citrus, grapes, and other field crops for the selective 
control of grass and broadleaf weeds (e.g., in corn) and is highly toxic by ingestion 
and skin exposure [41,42]. The solubility of Dinoseb (1) is reported as 52 mg/L [41]. 
Over a 10-year period, Dinoseb (1) was found to be one of three particularly 
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persistent contaminants in Ontario wells supposed to find its way through spills of 
concentrated and dilute herbicide, drift during spraying, and from storm runoff 
[43,44]. Dinoseb has been found in streams at about 5 µg/L [43]. Well water 
concentrations ranged from 0.05 to 5000 jig!L and removal of Dinoseb proved to be 
very difficult [44]. The reported half life of Dinoseb ranges from 5 to 31 days in most 
circumstances [45]. 
Dinoterb (2) is reported to be hepatotoxic between 10 and 100 mML-1 after 2 h of 
incubation and becomes much more toxic when undergoing a 24 h exposure to rat 
hepatocytes. Dinoterb (2) was withdrawn from sale in April 1998 by the European 
Authorities (98/269/CE decision) and nitrophenols are rated as priority pollutants 
(HR-3 grade) by the US Environment Agency [37]. 
Thiamethoxam (3), (3-[(2-chloro-5-thiazolyl) methyl] tetrahydro-5-methyl-N-nitro-
411-1, 3, 5-oxadiazin-4-imine), is the first representative of second-generation 
neonicotinoids and belongs to the thia-nicotinyl sub-class. It is marketed under the 
trademarks Actara® for foliar and/or soil treatment (of crops including fruiting 
vegetables. cucurbits, potatoes, pome and stone fruit, tobacco, pecans, strawberries, 
and cotton) and Cruiser® for seed treatments on a wide variety of crops including 
corn, cotton, sorghum, barley, wheat, potatoes, sunflowers, and legumes [46]. The 
compound has broad-spectrum insecticidal activity and offers excellent control of a 
wide variety of commercially important pests in many crops [47]. However, its 
characteristic properties, such as low soil sorption and high leaching capability, make 
it a potential contamination source of underground and surface waters [48]. The 
detailed chemistry of thiamethoxam, its metabolism, bioavailability, human 
toxicology. ecotoxicology, approved uses, analytical procedures and potential risks 
are well documented in the literature [49, 50]. 
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Earlier photodegradation of C'4 labelled Dinoseb has been done by exposing it to 
sunlight on growing bean foliage to determine the nature of the persisting residues 
[51]. Perchet et al. studied the degradation of two dinitrophenolic herbicides (Dinoseb 
and Dinoterb). detected in wastewater contained in an old industrial lagoon, using 
photocatalytic treatment [52]. 
Earlier Augusti et. al. have studied the degradation of thiamethoxam separately by 
photolytic means and by zero-valent metals exposed to ultrasonic irradiations in 
aqueous medium and monitored using electrospray ionization mass spectrometry 
[53,54]. 
Besides this, no major efforts have been made to study the detailed degradation 
kinetics of these pesticide derivatives. With this view, we have studied a detailed 
degradation kinetics of these selected pesticide derivatives 1-3, shown in Chart 2.1, 
in aqueous suspensions of Ti02 in the presence of UV light and atmospheric oxygen 
under a variety of conditions such as types of Ti02 (anatase, anatase/rutile mixture), 
reaction pH. catalyst loading, substrate concentration, and in the presence of electron 
acceptors like potassium bromate. hydrogen peroxide and ammonium 
persulphate/potassium persulphate. An attempt has also been made to identify the 
intermediate products formed during the photocatalytic oxidation processes in the 
presence of Ti02 in aqueous or water-acetonitrile solvent system. 
2.3 Experimental 
2.3.1 Reagents and chemicals 
Analytical grade Dinoseb (1) and Dinoterb (2) were obtained from Reidel-del-laen 
(Sigma-Aldrich) whereas technical grade Thiamethoxam (3) (99% purity) was 
purchased from Parijat Industries India Pvt. Ltd., Ambala, India. All three pesticides 
were used as such without any further purification. Double distilled water was used to 
OH CH3 
02N 	CH3 
NO2 
Dinoseb (1) 
2-sec-Butyl-4,6-dinitrophenol ( CjoH12N205) 
OH 
02N 
	
t-Bu 
NO2 
Dinoterb (2) 
2-tert-Butyl-4,6-dinitrophenol ( C10H12 N205 ) 
NO2 
H3C,N~N 	 CI 
~aJ 
Thiamethoxam (3) 
3-(2-Chloro-5-thiazolylmethv-1) tetrah~•dro-5-methyl-N-nitro-4H-1, 3, 5- 
oxadiazin-4-imine ( C8H1oC1N503S ) 
Chart 2.1: Chemical structure, Common name, IUPAC name and Chemical 
formula of pesticides 1-3. 
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prepare solutions of pesticide derivatives for the irradiation experiments. Three 
commercially available Ti02 powders such as Degussa P25 (Degussa AG), [55] 
Hombikat UV 100 (Sachtleben Chemie GmbH Duisburg, Germany), and PC500 
(Millennium Inorganic Chemicals, USA) [56] were used as photocatalysts. Degussa 
P25 contains 80% anatase and 20% rutile with a specific BET surface area of 50 m2g'' 
and a primary particle size of 20 nm [57]. Hombikat UV 100 consists of 100% pure 
anatase with a specific BET surface area of 250 m2g"1 and a primary particle size of 5 
nm [58]. The photocatalyst PC500 has a BET-surface area of 28 m29-1 with 100% 
anatase and primary particle size of 5-10 nm [59]. The other chemicals used in this 
study such as NaOH, HNO3, K2S208, (NH4)2S20s, 1-1202 and KBrO3 were of analytical 
grade and obtained from Merck. 
2.3.2 Procedure 
The solutions of pesticide derivatives with desired concentrations were prepared in 
double distilled water. Photocatalytic experiments were carried out in an immersion 
well photoreactor made of Pyrex glass equipped with a magnetic bar, a water 
circulating jacket and an opening for molecular oxygen. A simplified diagram of 
photochemical reaction vessel is shown in Figure 2.1. Irradiation experiments were 
carried out using a 125 W medium pressure mercury lamp (Philips) as light source. 
The light intensity was measured using a UV light intensity detector (Lutron UV-340) 
and was found to be in the range between 1.49-1.51 mW/cm2. IR-radiation and short-
wavelength UV-radiation were eliminated by circulating cold water through the inner 
jacket of reaction vessel. 
For kinetic experiments, an aqueous solution of a pesticide derivative with desired 
concentration was taken into the photoreactor and required amount of photocatalyst 
was added and the solution was stirred and bubbled with atmospheric air for at least 
- Outlet Cooling Water 
Outlet Air 
Inlet Cooling Water 
Inlet Air —• 
)uter Vessel 
JV Lamp 
rifler Vessel 
Maagnetic Stirrer Bar 
15 minutes in the dark to allow equilibration of the system so that the loss of 
compound due to adsorption can be taken into account. Due to low solubility of 
Dinoterb (2) in water, solution of the desired concentration was prepared in aqueous 
micellar solution of Sodium Dodecyl Sulphate (SDS) (0.008 M in double-distilled 
water). The pH of the reaction mixture was adjusted by adding a dilute aqueous 
solution (l NI) of HNO3 or NaOH. The zero time reading was obtained from blank 
solution kept in the dark but otherwise treated similarly to the irradiated solution. At 
different time intervals, samples (6 mL) were withdrawn, centrifuged in order to 
remove Ti02 and subsequently analysed. The reaction temperature was kept constant 
at 2010.3 °C. The pH of the solution was measured by using Hanna Instruments (HI 
2210) digital pl I meter. The effect of each parameter was studied by fixing the values 
of other parameters. 
Magnetic Stirrer-. 0 • I • 0 
Figure 2.1: Simplified diagram of Photochemical Reaction Vessel. 
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For product analysis experiments of pesticides 1-3, slight modifications like higher 
substrate concentration, increased catalyst dosage etc. were adopted during 
photocatalytic experiments in order to get required quantity of products for GC-MS 
analysis. In case of Dinoseb (1) and Dinoterb (2). solutions of the compounds with 
desired concentration (1. 50 mg, 0.22 mM and 2. 50 mg, 0.2 mM) in CH3CN/H2O 
mixture (1:1, 50 mL) were irradiated for different time intervals in the presence of 
Ti02 (Degussa P25, 1 gL'') using 312 nm light in a tubular photoreactor with constant 
stirring and bubbling of air in a quartz water-cooled reaction vessel. In case of 
Thiamethoxam (3), aqueous solution ( 180 mg, 3.4 mM ,180 mL ) was irradiated for 
different time intervals with a 125 W medium pressure mercury lamp in the presence 
of Ti02 (Degussa P25 1.5gL-') under constant stirring and bubbling of air in an 
immersion well photoreactor made of Pyrex glass. The catalyst was removed through 
filtration and the irradiated mixtures were extracted with chloroform, dried over 
anhydrous sodium sulphate. The solvent was removed under reduced pressure to give 
a residual mass which was analysed by GC-MS analysis technique. 
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2.3.3 Analysis 
2.3.3.1 Photocatalytic degradation of the pesticide derivatives 1-3 
The photocatalytic degradation of the pesticide derivatives 1-3 was monitored using 
UV-Vis spectroscopic analysis technique (Shimadzu UV-Vis 1601). The double beam 
spectrophotometer has an in-built tungsten and deuterium lamps, which provide the 
measurement of optical density (OD) in the range 200-1100 nm (near-LJV and visible 
regions). The change in absorbance of the pesticide derivatives 1, 2 and 3 was 
followed at their 	375 nm, 380 nm and 251 nm, respectively as a function of 
irradiation time. The observed absorbance is proportional to Beer-Lambert Law in the 
range of studied dye concentration. The concentration of pesticide derivatives were 
calculated from standard calibration curve obtained from the absorbance of the 
pesticides at different known concentrations. As a representative example, 
degradation of 1 and 2 was also followed using HPLC analysis technique (Waters, 
515 HPLC Pump and 2489 UVNisible Detector). For HPLC analysis, 70:30 
(acetonitrile: water) mixture as eluent and a 3.5 tm C18 column (4.6x 75 mm). 
2.3.3.2 Photocatalytic mineralization of the pesticide derivative 3 
The photomineralization of the pesticide derivative 3 was monitored using Total 
Organic Carbon analyzer (Shimadzu TOC%,c,sti) [60]. The main principle of TOC 
analyzer involves the use of carrier gas (oxygen). which is flow-regulated (150 ml / 
min) and allows to flow through the total carbon (TC) combustion tube, which is 
packed with platinum catalyst. and heated at 680 °C. When the sample is injected via 
sample pre-treatment/injection system into the combustion tube, TC in the sample is 
oxidized to carbon dioxide and water. The carrier gas, containing the oxidation 
products, exits the combustion tube and passes through the dehumidifier where it is 
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cooled and the moisture is removed. The gas then passes through the halogen scrubber 
to remove halides that may damage the detection cell. The gas then enters the sample 
side of the non-dispersive infrared detector (NDIR), where the carbon dioxide is 
detected. The NDIR signal (analog signal) is converted to a peak profile, and the peak 
area is calculated by the data processor. To express this peak area as a ratio of TC 
concentration in the sample, the relationship of TC concentration to peak area is 
determined using a TC standard solution (external standard calibration method). TC is 
composed of TOC (total organic carbon) and IC (inorganic carbon). A small amount 
of hydrochloric acid is added to acidify the sample to convert all IC to carbon dioxide 
(CO,). Carrier gas (purified air) is sparged through the sample to sweep the CO2 into 
the NDIR detector. The IC concentration in the sample is measured in a similar 
fashion as the TC. The IC is a combination of carbonates and bicarbonates. 
Subtracting the IC concentration from the TC concentration will determine the TOC 
concentration. 
2.3.3.3 Characterization of Intermediate products 
To identify the intermediate products formed during the photocatalytic degradation of 
pesticide derivatives 1-3, Gas Chromatography coupled with Mass Spectrometry 
detector (GC-MS) was used. For (IC-MS analysis of irradiated residual mass of 
Dinoseb (1) and Dinoterb (2), Perkin Elmer Auto System XL (Gas Chromatograph) 
equipped with Perkin Elmer Turbo mass (Mass Spectrometry), operating temperature 
programmed (injection temperature 50 °C for I min, which is raised to 250 °C at the 
rate of 20°C min-') in split mode of injection with helium as a carrier gas was used. 
For GC-MS analysis of Thiamethoxam (3), Accu TOF GCv (JMS-T100GCv) system 
from Jeol Asia equipped with Agilent 7690 GC was used. The GC column for 
separation was a HP-5, 30 m long and 0.25 mm internal diameter. The film thickness 
34 
was 0.25 microns. The column temperature programme used was 100 °C initial with 
an isothermal hold time for 5 minutes and then rose to 280 °C at a ramp of 10 °C/min. 
The injector temperature and injection volume was 250 °C and 0.4 ML respectively, 
with a split ratio 1:50. The interface temperature was maintained at 280 °C. The 
carrier gas was helium with a flow rate I mL'min. The positive electron ionization 
mode was used at 70 electron volt. 
2.4 	Results and Discussion 
2.4.1 Irradiation of aqueous solution of pesticide derivative, 
Dinoseb (1) in the presence and absence of Ti02 
Irradiation of an aqueous solution of - the pesticide derivative Dinoseb (1, 0.22 mM, 
125 mL) in the presence and absence of Ti02 was investigated with an output of a 125 
W medium pressure mercury lamp in an immersion well photoreactor with constant 
stirring and bubbling of air. The reaction was monitored by measuring the change in 
absorption intensity at its Xmax 375 nm as a function of irradiation time using UV—Vis 
spectroscopic analysis. Figure 2.2 (a) shows the changes in the UV spectrum of the 
pesticide derivative 1 as a function of irradiation time in the presence of photocatalyst. 
It is obvious from the figure that absorption intensity at its ?, ax as well as shoulder 
peaks appearing at around 260 and 430 nm decreases with increase in irradiation time. 
The change in concentration at different time intervals of irradiation in the presence 
and absence of TiO2 is shown in Figure 2.2 (b). These corresponding concentrations 
of Dinoseb (1) were calculated from standard calibration curve obtained from the 
absorbance of the Dinoseb (1) solutions of known concentrations. It could be seen 
from the figure that 68.3% degradation was observed in the presence of TiO2 in just 8 
minutes of irradiation whereas in absence of Ti02 (direct photolysis) no observable 
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Figure 2.2 (a): Change in UV spectrum of an aqueous solution of Dinoseb (1) as a 
function of irradiation time in the presence of photocatalyst. (b): Change in 
concentration of an aqueous solution Dinoseb (1) as a function of irradiation time in 
the presence and absence of photocatalyst. 
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Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02: [Degussa P25] = I gL"', [Dinoseb] = 0.22 
mN1, Initial pH = 5.1, Temp. = 20±0.3 T. Vol. = 125 niL. Irradiation time = 8 min 
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loss of compound could be seen. The photodegradation of Dinoseb (1) was also 
monitored using HPLC analysis technique. Figure 2.3 shows the HPLC run for the 
photocatalytic degradation of compound 1 in presence of TiO2  at different time 
intervals. The intensity of the starting material peak appearing at retention time (R,) 
0.549 min was found to decrease with increase in irradiation time. 
2.4.2 irradiation of aqueous solution of pesticide derivative, 
Dinoterb (2) in the presence and absence of TiO Z 
An aqueous miceilar solution of pesticide derivative (2, 0.20 mM, 125 mL) was 
irradiated in the presence of Ti02 (Degussa P25, lg[ ') under analogous conditions. 
Figure 2.4 (a) and 2.4 (h) show the change in absorption spectrum of 2 (in presence 
of TiO2) at different time intervals and change in concentration as a function of 
irradiation time in presence and absence of Ti02 respectively. In this case the 
absorption intensity at lm„ 380 nm and shoulder peaks appearing at 220 and 430 nm 
was found to decrease with the increase in irradiation time. It was found that 87 % 
degradation of the pesticide derivative 2 was observed in 15 minutes of irradiation 
time in the presence of TiO2 whereas in absence of TiO2 no observable loss of 
compound was found. The photodegradation of 2 was also monitored using HPLC 
analysis technique. Figure 2.5 shows the HPLC run for the photocatalytic degradation 
of compound 2 in the presence of Ti02 at different time intervals. The intensity of the 
starting material peak appearing at retention time (R,) 0.694 min was found to 
decrease with increase in irradiation time. 
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Figure 2.3: HPLC analysis of an irradiated aqueous suspension of Dinoseb (1) in 
presence of Ti02. Column C-18, eluent 70:30 (Acetonitrile: Water). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass. Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm`), Photocatalyst: Ti02; [Degussa P251 = I gL-1, [Dinoseb] = 0.22 
mM, pH = 5.1. Temp. = 20±0.3 °C. Vol. = 125 mL, Irradiation time = (a) 0 min; (b) 2 
min; 	(c) 	4 	min; 	(d) 	6 	min; 	(e) 	8 	min. 
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Figure 2.4 (a): Change in UV spectrum of an aqueous micellar suspension of 
Dinoterb (2) as a function of irradiation time in the presence of photocatalyst. (b): 
Change in concentration of an aqueous micellar suspension of Dinoterb (2) as a 
function of irradiation time in the presence and absence of photocatalyst. 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp. Light intensity 
(1.49-1.51 mW/cm2 ). Photocatalyst: 'I'i0-,. [Degussa P25] = I gL'', [Dinoterb] = 0.20 
mM. pH = 6.5. Temp. = 2&±0.3 °C. Vol. = 125 mL. Irradiation time = (a) 0 min, (b) 3 
min, (c) 6 min, (d) 9 min, (e) 12 min, and (f) 15 min. 
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Figure 2.5: HPLC analysis of an irradiated aqueous micellar suspension of Dinoterb 
(2) in presence of TiO2. Column C-18, eluent 70:30 (Acetonitrile: Water). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2 ), Photocatalyst: TiO2; [Degussa P251 = 1 gL', [Dinoterbj = 0.20 
mM, pH = 6.5, Temp. = 20±0.3 °C. Vol. = 125 mL, Irradiation time = (a) 0 min, (b) 3 
min, (c) 6 min, (d) 9 min, (e) 12 min, and (f) 15 min. 
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2.4.3 Irradiation of aqueous solution of pesticide derivative, 
Thiamethoxam (3) in the presence and absence of TiO2 
The photocatalyzed degradation of Thiamethoxam (3, 0.1 mM, 180 ml) was carried 
out under analogous conditions.- Figure 2.6 (a) depicts the change in UV spectrum of 
thiamethoxam (3) as a function of irradiation time whereas the corresponding change 
in concentration in the presence and absence of Ti02 is shown in Figure 2.6 (h). It 
was observed that approximately 89.5% degradation takes place in 21 minutes of 
irradiation as depicted by decrease in absorbance at its Am. 251 nm as a function of 
irradiation time. The shoulder peak appearing at 220 run is not seen after 3 minutes of 
irradiation. 
The degradation curves (change in concentration as a fimction of time) of the 
pesticide derivatives 1-3 in the presence of Ti02 could be fitted reasonably well by an 
exponential decay curve suggesting pseudo-first order kinetics. As a representative 
example, Figure 2.7 shows linear regression curve fit of the natural logarithm for the 
concentration of thiamethoxam (3) at different irradiation time. For each experiment, 
the degradation rate constant of the pesticide derivatives 1-3 was calculated from the 
plot of the natural logarithm of the concentration of the pesticide as a function of 
irradiation time i.e. pseudo-first order degradation kinetics. The resulting pseudo-first 
order rate constant has been used in all the subsequent plots to calculate the 
degradation rate of the compound using fotmula given below: 
dC=kCn 	 (1) dt 
k = rate constant, C = concentration of the pollutant, n = order of reaction 
The degradation rate was calculated in terms of molL-'min'. 
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Figure 2.6 (a): Change in UV spectrum of an aqueous suspension of Thiamethoxam 
(3) as a function of irradiation time in the presence of photocatalyst. (b): Change in 
concentration of an aqueous suspension of Thiamethoxam (3) as a function of 
irradiation time in the presence and absence of photocatalyst. 
Experimental conditions: Reaction Vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] ° 1 gE', [Thiamethoxam] 
0.1 mM, pH = 4.9, Temp. = 20±0.3 °C. Vol. = 180 mL, Irradiation Time = 21 min. 
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Figure 2.7: Plot showing the linear regression curve fit of the natural logarithm for 
the concentration of Thiamethoxam (3) at different irradiation time. 
43 
2.4.4 Degradation of pesticide derivatives (1-3) in presence of three 
different Ti01 samples 
The degradation of pesticide derivatives 1-3 was studied in the presence of three 
different commercially available Ti02 powders differing in anatase/rutile ratios as 
well as in size (namely Degussa P25, Hombikat UVI00 and Millennium Inorganic 
PCS00). The degradation rate of the pesticides 1-3, in the presence of different types 
of TiO2 powders are shown in Figure 2.8-2.10 respectively. It could be seen from the 
figure that the degradation rate of all three pesticide derivatives 1-3 was found to be 
better in the presence of Degussa P25 as compared to other two TiO2 samples tested 
for the degradation study. 
The differences in the photocatalytic activity are likely due to differences in the BET-
surface, impurities, lattice mismatches or density of hydroxyl groups on the catalyst's 
surface. Since these differences will affect the adsorption behavior of a pollutant or 
intermediate molecule on the catalyst surface and also the lifetime of electron-hole 
pairs generated on the catalyst surface. 
The better photocatalytic activity of Degussa P25 could be attributed to the fact that 
P25 being composed of small nano-crystallites of rutile, dispersed within an anatase 
matrix. The smaller band gap of rutile "catches" the photons, generating electron-hole 
pairs. The electron transfer, from the ruffle conduction band to electron traps in 
anatase phase takes place. Recombination is thus inhibited allowing the hole to move 
to the surface of the particle and react [61]. Martin et al. [62] have shown that 
Degussa owes its high photoreactivity to slow recombination between electrons and 
holes whereas Sachtleben Hombikat UV 100 has high photoreactivity due to fast 
interfacial electron transfer rate. 
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Figure 2.8: Comparison of degradation rate of Dinoseb (1) in the presence of three 
different photocatalysts. 
Experimental conditions: Reaction vessel; Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(I.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] _ [Hombikat UV100] = 
[Millennium Inorganic PC500] = 1 gL-', [Dinoseb] = 0.22 mM, pH = 5.1, Temp. = 
20f0.3 T. Vol. = 125 mL, Irradition time = 8 min. 
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Figure 2.9: Comparison of degradation rate of Dinoterb (2) in the presence of 
different photocatalysts. 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mWlcm2), Photocatalyst: Ti02; [Degussa P25] _ [Homhikat UV100] = 
[Millennium Inorganic PC500] = 1 gL'', [Dinoterb] = 0.20 mM, pH = 6.5, Temp. = 
20±0.3 °C. Vol. = 125 mL, Irradition time = 15 min. 
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Figure 2.10; Comparison of degradation rate of thiamethoxam (3) in the presence of 
different photocatalysts. 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] _ [Hombikat UV100] = 
[Millennium Inorganic PC500] = I gL"', [Thiamethoxam] = 0.09 mM, pH = 4.9, 
Temp. = 20±0.3 °C. Vol. = 180 mL, Irradiation time = 21 min. 
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Earlier studies have shown that Degussa P25 has better activity for the photocatalytic 
degradation of a large number of organic compounds [63-68]. On the other hand 
Lindner et al. [69] have shown that Hombikat UVI00 was almost four times more 
effective than P25 when dichloroacetic acid was used as the model pollutant. In 
addition, Hombikat UV 100 was also found to be better for the degradation of several 
compounds reported recently [70-75]. These results indicate that the activity of the 
photocatalyst also depends on the type of the model pollutant. 
In all following experiments, Degussa P25 was used as the photocatalyst, since this 
material exhibited the highest overall activity for the degradation of the pesticides 
under investigation. 
2.4.5 Effect of initial pH on the degradation rate of pesticide 
derivatives 1-3 
The solution pH is an important parameter that influences the photocatalytic 
degradation of organic contaminants since it controls the surface charge properties of 
the photocatalyst and therefore, the adsorption behaviour of the pollutants on the 
surface of the photocatalyst and also the size of the aggregates it forms [76]. The 
solution pH affects the degree of dissociation of organic acids (which depends on 
their pKa), and hence the extent of adsorption in their ionized form. The effect of pH 
can be interpreted in terms of electrostatic interactions between the charged TiO2 
particles and the contaminants to be degraded [77]. 
Employing Degussa P25 as photocatalyst, the degradation of pesticide derivatives, 1-3 
was studied in the pH range between 3 and 12. The pH of the reaction mixture was 
adjusted before irradiation by adding aqueous solution of HNO3 or NaOH. A decrease 
in pH of reaction mixture was observed at the end of irradiation. The variation in rate 
I 
of degradation of pesticide derivatives 1- 3 as a function of reaction pH is shown in 
Figure 2.11-2.13. 
It is obvious from the Figure 2.11 that photocatalytic degradation rate of Dinoseb (1) 
initially increases with increase in pH from 3 to 5.1. Further increase in pH leads to 
decrease in degradation rate. In case of Dinoterb (2) the degradation rate increase upto 
pH 6.5 and then decreases with further increase in pH. As shown in Figure 2.13, the 
degradation rate of thiamethoxam (3) increases from pH 3 to 4.9 and then decreases 
with further increase in pH. 
The interpretation of the results for pH effect on the photocatalytic reaction taking 
place on the surface of the photocatalyst is very difficult since various processes such 
as electrostatic interactions between the semiconductor surface, solvent molecules, 
substrate and charged radicals formed during the reaction might be operative. 
The effect of pH on the photocatalytic reaction is generally attributed to the surface 
charge of Ti02. The point of zero charge (Pzc) of P25 has been reported as 6.25 [78]. 
Therefore the Ti02 surface will be positively charged (Eq. (2)) in acidic medium 
(pH<6.25) whereas it will be negatively charged (Eq. (3)) in alkaline medium 
(pH>6.25). 
When pH<Pze: TiOH + H' .-. TiOHz+ 	(2) 
When pH>Pze: TiOH -- 0H- H Ti0- +H20 	(3) 
The pKa value of Dinoseb (1) has been reported as 4.62 [79]. In case of Dinoseb (1) 
the highest degradation rate at pH 5.1 may be attributed to electrostatic attraction 
between negatively charged Dinoseb molecules and positively charged TiO2 particles 
leading to better adsorption and hence better degradation of Dinoseb (1). In case of 
Dinoterb (2) it is observed that the higher degradation rate occurs at pII = 6.5 which is 
near the point of zero charge of the catalyst. When the catalyst has no charge, 
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Figure 2.11: Effect of initial pH on the degradation rate of Dinoseb (1). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cmZ), Photocatalyst: TiO2; [Degussc P25] = 1 gul, [Dinoseb] = 0.22 
mM, pH = (2.6, 3.8, 5.1, 7.3, 8.8, and t1.0), Temp. — 20±0.3 °C. Vol. = 125 mL, 
Irradition time = 8 min. 
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Figure 2.12: Effect of initial pH on the degradation rate of Dinoterb (2). 
Experimental conditions; Reaction vessel: Immersion well photoreaotor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cmz), Photocatalyst: TiO2; [Degussa P25] = 1 gU', [Dinoterb] = 0.20 
mM, pH = (4.5, 6.5, 8.6 and 10.4), Temp. = 20±0.3 °C. Vol. = 125 mL, Irradition time 
= 15 min. 
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Figure 2.13: Effect of initial pH on the degradation rate of Thiamethoxam (3). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mWicm3), Photocatalyst: Ti02; fDegussa P25] = I gL-', [Thiamethoxam] = 
0.09 mM, pH = (2.9, 3.5, 4.9, 6.5, 9.0, 12.0), Temp. = 20f0.3 °C. Vol. = 180 mL, 
Irradiation time = 21 min. 
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the molecules can easily interact with the catalyst's surface leading to higher reaction 
rate [80]. 
At alkaline pH, repulsive forces between negatively charged substrate molecule and 
negatively charged TiO2 particles minimized the adsorption of the substrate on the 
catalyst surface. Thus the photodegradation rate of Dinoseb (1) and Dinoterb (2) was 
found to decrease with increase in pH values. The lower degradation rate under highly 
acidic condition may be due to poor adsorption of positively charged or neutral 
substrate molecules on positively charged TiO2 surface. Moreover, the excessive H` 
at lower pH has been reported to lower the degradation rate [81].The results are in 
good agreement with previously reported results on the degradation of 2,4- 
dinitrophenol in presence of ZnO [82]. 
In case of Thiamethoxam (3) the better degradation rate was observed at pH 4.9 
which is found to be the natural pH of the aqueous suspension. At this pH value (pH 
4.9), Ti02 surface will be positively charged whereas Thiamethoxam (3) will be in 
neutral form_ This would facilitate the adsorption of the substrate on the catalyst 
surface and promote the photocatalytic degradation. The lower degradation rate at 
higher pH may be attributed to the fact that above the point of zero charge of Ti02  
particles (TiO2 . = 6.25), the effect of charge repulsion between hydroxide ions (or 
even negatively charged thiamethoxam) and negatively charged Ti02 particles 
became significant and eventually outweighed the positive effect resulting from the 
elevated hydroxide ion concentration. 
2.4.6 Effect of catalyst concentration on the degradation rate of 
pesticide derivatives 1-3 
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From application point of view, the determination of optimum catalyst concentration 
[(TiO2)0p,] for efficient degradation is necessary since photocatalytic reaction rate has 
been found to be dependent on the catalyst loadings [83-86]. The effect of catalyst 
loading on the degradation of pesticide derivatives 1-3 was investigated using 
Degussa P25 (1-3) and UV 100 (1 and 3) from 0.5 to 3 gL-' keeping all other 
parameters constant. 
The variation in the rate of degradation of the pesticide derivatives (1-3) as a function 
of catalyst dosage is shown in Figure 2.14-2.16. In the case of pesticide derivatives 2 
and 3, the degradation rate was found to increase with the increase in catalyst 
concentration from 0.5 to 1.0 g L-' and a further increase in catalyst concentration 
lead to decrease in degradation rate. On the other hand, in the case of compound I the 
degradation rate gradually increased with the increase in catalyst concentration up to 
2.0 g U' and a further increase in catalyst dosage lead to decrease in the degradation 
rate. The reason for the decrease in degradation rate of compounds under 
investigation at higher catalyst loading may be due to light scattering and screening 
effects which would reduce the photonic flux within the irradiated solution [87]. At 
high catalyst loading, the tendency towards agglomeration increases leading to 
increase in turbidity of the suspension, thereby reducing the light transmission which 
may intern prevent the catalyst farthest from being illuminated [88, 89]. This affect 
may lead to decrease in number of active sites as well as decreased generation of 
active species responsible for photocatalytic reactions [90]. It is important to mention 
here that this optimum amount of catalyst depends on the initial concentration of the 
pollutant, geometry and the working conditions of the reactor and corresponds to the 
optimum of light absorption [91]. The optimum amount of I gL1  TiO2 has been 
suggested for the photecatalytic degradation of various pollutants [64, 65, 92]. 
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Figure 2.14: Effect of catalyst concentration on the degradation rate of Dinoseb (1). 
Experimental conditions. Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cmz~ Photocatalyst: TiO2; [Degussa P25] = [Hombikat UVI00] = 
(0.5, 1, 2 and 3 gU ), [Dinoseb] = 0.22 mM, pH = 5.1, Temp. = 20 °C. Vol. = 125 
mL, Irradiation time = 8 min. 
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Figure 2.15: Effect of catalyst concentration on the degradation rate of Dinoterb (2). 
Experimental conditions. Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(L.49-t.51 mW/cmz), Photocatalyst: Ti02; [Degussa P25] _ (0.5, 1, 2 and 3 gL-'), 
[Dinoterb] = 0.20 mM, pH = 6.5, Temp. = 20±0.3 °C. Vol. = 125 mL, Irradiation time 
=15min. 
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Figure 2.16: Effect of catalyst concentration on the degradation rate of 
Thiacnethoxam (3). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), PhotocataLyst: Ti02; [Degussa P25] _ [Hombikat UVIO0] = 
(0.5, 1, 2 and 3 gL-'), [Thiamethoxam] = 0.09 mM, pH = 4.9, Temp. = 20±0.3 °C. 
Vol. = 180 mL, Irradiation time= 21 min. 
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2.4.7 Effect of Initial Substrate Concentration on the degradation rate of 
pesticide derivatives 1-3 
It is important, both from mechanistic and application point of view, to study the 
dependence of photocatalytic degradation kinetics on the initial substrate 
concentration. 
The effect of various initial pesticide concentrations (1-3) on the photocatalytic 
degradation has been investigated with catalyst loading of 1gL-1. The variation in the 
degradation rate of compounds, 1-3 as a function of their respective initial substrate 
concentrations employing Degussa P25 (lgL-') is shown in Figure 2.17-2.19 
respectively. It is clear from the Figure 2.17 that degradation rate of herbicide 1 
increases continuously with increase in substrate concentration from 0.10 to 0.22 mrM 
(maximum solubility). The result is encouraging from the practical standpoint since 
there is apparently no inhibition of photocatalytic degradation even at highest 
pollutant concentration. 
On the other hand, the degradation rate of pesticides 2-3 increases with increase in 
substrate concentration, reaches a maxima and then decreases with further increase in 
substrate concentration. At lower substrate concentration, with fixed amount of 1102, 
all the catalytic sites are not occupied leading to lower degradation rate. Moreover at 
low concentrations, the number of catalytic sites will not be limiting factor and the 
rate of degradation will be proportional to the substrate concentration, in accordance 
with apparent first-order kinetics [93]. 
0.06 
0.05 
X 
E 0.04 
0.00 
58 
0.08 	0.10 	0.12 	0.14 	0.16 	o.le 	0.20 	022 	034 
Substrate Concentration ( mi%1) 
Figure 2.17: Effect of substrate concentration on the degradation rate of Dinoseb (1). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source; 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cmz), Photocatalyst: TiO2; [Degussa P25] = I gL-', [Dinoseb] _ (O.I0, 
0.15, 0.20, and 0.22mM), pH = 5.1, Temp. = 20f0.3 °C. Vol. = 125 niL., Irradiation 
time = 8 min. 
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Figure 2.18: Effect of substrate concentration on the degradation rate of Dinoterb (2). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source; 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiOz; [Degussa P25] = I gL-`, [Dinoterb] = 
(0.16, 0.20, 0.25 and 0.30 mM), pH — 6.5, Temp. = 20±0.3 °C. Vol. = 125 mL, 
Irradiation time = 15 min. 
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Figure 2.19: Effect of substrate concentration on the degradation rate of 
Thiamethoxam (3). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = 1 gL-', [Thiamethoxam] = 
(0.02, 0.04, 0.05, 0.07, 0.09, 0.10 mM), pH = 4.9, Temp. = 200.3 °C. Vol. = 180 mL, 
Irradiation time = 21 min. 
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With increase in the substrate concentration upto optimum value (0.20 mM for 2, 0.09 
mM for 3), more and more catalytic sites get occupied which leads to progressive 
increase in degradation rate. Above the optimum substrate concentration, a large 
number of substrate molecules along with the intermediates formed may compete for 
the constant total sites available for adsorption at a fixed concentration of 1102. 
Therefore, the reactive species ('OH and O2) required for the degradation of the 
pollutant must also increase. However, the formation of 0H and 0z'- on the catalyst 
surface remains constant for a given light intensity, catalyst amount and duration of 
irradiation. Hence, the available OH radicals are inadequate for pollutant degradation 
at higher concentrations which is the principal oxidant necessary for degradation to 
occur. Consequently, the rate of pollutant degradation decreases as the substrate 
concentration increases [94]. Our result on the effect of initial substrate concentration 
on the degradation of pesticide derivatives 1-3 are in agreement with previously 
reported results [95-101]. 
2.4.8 Effect of electron acceptors on the degradation rate of pesticide 
derivatives 1-3 
The major energy wasting step that limits the achievable quantum yield in 
photocatalysis is the undesired electron/hole recombination. One way to overcome 
this is to add other (irreversible) electron acceptors to the reaction mixture. They 
could have several different effects such as (1) to increase the number of trapped 
electrons and, consequently, avoid recombination, (2) to generate more radicals and 
other oxidising species, (3) to increase the oxidation rate of intermediate products and 
(4) to avoid problems caused by low oxygen concentration. In highly toxic 
wastewater, where the degradation of organic pollutant is a major concern, the 
addition of electron acceptors to enhance the degradation rate may often be justified. 
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With this view the effect of electron acceptors such as potassium bromate, potassium 
persulphate and hydrogen peroxide in presence of atmospheric oxygen on the 
degradation of I and 2 has been investigated and the results are shown in Figure 2.20 
and 2.21 respectively. As a representative example, in case of Thiamethoxam (3), 
ammonium persulphate was used instead of potassium persulphate and mineralization 
rate was monitored employing higher concentration of substrate and higher irradiation 
time. The effect of electron acceptors on the mineralization rate of Thiamethoxam (3) 
is depicted in Figure 2.22. As expected, all employed additives showed beneficial 
effect on the photocatalytic degradation of pesticide derivatives 1-3. 
The reason for enhanced degradation of pesticides 1-3 by the addition of these 
additives may be explained by the formation of strong oxidizing radicals according to 
the following reactions: 
H202 + ecn 	 OH + 	OH 	(4) 
S2O82- eCu SO4 + SO42'- (5) 
SO4 + H2O 	 S042- + 6U + H 	(6) 
BrO3 + 2H + ecn BrO2 + H2O 	(7) 
Br63 + 6H+ +6e~B 	[BrOz,HOBr] 	Br +3H20 (8) 
The respective one-electron reduction potentials of different species are: E (Oz/0f) 
-155mV, E (H2OWHO) = 800mV, E (BrO3 Br0' 2) = 1150 mV, and E (S2Oa'-ISO[ 
= 1100 mV [102]. From the thermodynamic point of view, all employed additives 
hould therefore be more efficient electron acceptors than molecular oxygen. 
it case of Dinoseb (1), KBr03 showed more prominent enhancing effect on 
egradation rate compared to other two additives used whereas in case of compounds 
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Figure 2.20: Effect-of Electron acceptors on the degradation rate of Dinoseb (1). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = 1 gL, [Dinoseb] _ 
0.22mM, pH = 5.1, Electron Acceptors: [K28208] = 3 mM, [KBrO3] = 3 mM and 
[H202] = 10 mM, Temp. = 20±0.3 °C. Vol. = 125 mL, Irradiation time = 8 min. 
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Figure 2.21: Effect of Electron acceptors on the degradation rate of Dinoterb (2). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = 1 gL-', [Dinoterb] = 
0.20mM, pH = 6.51, Electron Acceptors: [K2S208] = 3 mM, [KBrO}] = 3 mM and 
[I-1202] = 10 mM, Temp. =20±0.3 °C. Vol. = 125 mL, Irradiation time = 15 min. 
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Figure 2.22: Effect of Electron acceptors on the mineralization rate of Thiamethoxam 
(3). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm'), Photocatalyst: Ti02; [Degussa P25] = I gL"', [Thiamethoxam] _ 
(I mM), Electron Acceptors: [(NH4)2SzO3] = 3 mM, [KBrO3] = 3 mM and [H20z] _ 
10 mM, pH = 4.9, Temp. = 20d0.3 T. Vol. = 190 mL, Irradiation time = 165 min. 
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2 and 3 H202 was found to increase the photocatalytic reaction rate in comparison to 
other additives employed. 
The better degradation of Dinoseb (1) in the presence of KBrO3 may be attributed to 
the greater number of electrons it reacts. The reduction of bromated ions by electrons 
does not lead directly to the formation of hydroxyl radicals, but rather to the 
formation of other reactive radicals or oxidizing agents, e.g., BrOZ and HOBr. 
Moreover, bromated ions by themselves can act as oxidizing agents. 
Earlier KBrO3 has been found to be more efficient additive as compared to other 
electron acceptors (like H202, K2S2Os) for improving the degradation rate of 
glyphosate [19], tebuthiuron, propachlor, chtortoluron, and thiram [4], imazapyr 
[1031, terbacil and 2,4,5-tribromoimidazole [104], PAA and 2,4,5=TCPAA [5], 
dimethoate [105]. 
In contrast, H202 was found to be efficient for enhancing the degradation of Dinoterb 
(2) and Thiamethoxam (3) compared to other additives employed. Similar results have 
been reported earlier for the photocatalytic degradation of dicamba and floumeturon 
[8, 106], triclopyr and daminozid [9], propham and propachlor [6]. 
2.4.9 Effect of H202 concentration on the degradation rate of pesticide 
derivative 3 
Since among the electron acceptors employed, H202 showed more pronounced effect 
on the degradation of Thiamethoxam (3), therefore its effect at various concentrations 
was investigated. The amount of 11202 was varied from 4 to 19 mM. Figure 2.23 
shows the effect of H202  concentration on the photocatalytic oxidation of 
Thiamethoxam (3). The reaction rate was found to increase with low levels of H202 
dosages. At maximum, 8.7 times rate increment was achieved at the optimal 14202 
dosage of 10 mM compared to that of photocatalysis without HtO2. Above this 
0.1. 
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Figure 2.23: Influence of H2O,  concentration on the degradation rate of 
Thiamethoxan (1). 
Experimental conditions: Reaction vessel: immersion well photoreactor rmade up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiD2; [Degussa P25] = I gL-', [Thiamethoxam] _ 
(0.09 mM), [11202] = 4, 7, 10, 13, 16 and 19 mM, pH = 4.9, Temp. = 20b0.3 °C. Vol. 
= I80 mL, Irradiation time= 165 min. 
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optimal dosage, however, an overdose of H202  retards the thiamethoxam degradation 
rate. The increase in degradation rate at lower H202  concentration is probably due to 
the following reasons. First, as cited in studies of homogeneous photoxidation of 
H202 using UV/OZ, H202  may split photolytically to generate hydroxyl radicals 
directly, which are likely to be the dominant rate enhancing species in this process 
(Eq. (9)) 119]. Further H202 prevents the electron-hole recombination by trapping the 
conduction band electrons (Eq. (10)) [107]. 
H202 + by 	T 2HO' 	 (9) 
HO + tEl (10) 
At high H202 dosages, however, the excess H202 molecules trap the valuable HO° that 
are generated by either the direct photolysis of H202 (Eq. (9)) or the photoxidation of 
OW by h' (Eq. (I1)), and form a much weaker oxidant, HOZ (Eq. (12)). In addition, 
the high dose of H202  might absorb and attenuate the incident UV light available for 
the photocatalysis process. Therefore, the total oxidation capabilities of the system are 
largely reduced (Eq. (13)) and the degradation rates retarded [108]. 
hh +011 	BY 	 (11) 
11202 + 'OH — H2O + HO 2 (12)  
H02 +OH— . 	H2O+ 02 (13)  
I 
2.4.10 Identification of Intermediate products formed during the photocatalytic 
degradation of pesticide derivatives 1-3 
An attempt was made to identify the intermediate products formed during the 
photocatalyzed reaction of pesticide derivatives, 1-3 in aqueous suspension of TiO2 
using GC—MS analysis technique. All the compounds under investigation indicated 
the formation of several intermediate products. The structure of few intermediate 
products formed during the photocatalytic degradation has been proposed based on 
their molecular ion peak and mass fragmentation pattern. 
2.4.10.1 Intermediate Products of Dinoseb (1) 
The GC analysis of unilluminated, starting reactant Dinoseb (1) showed a single peak 
appearing at R, 9.76 min as shown in Figure 2.24. The molecular ion and mass 
fragmentation pattern is shown in Figure 2.25 and is comparable with that reported in 
the GC-MS library for Dinoseb (1). A solution of Dinoseb 1 (0.22 mM) in 
CH3CN/H20 mixture (1:1, 50 ml) was irradiated in the presence of Ti02 (Degussa 
P25 1 gL") for 8 hrs using 312 nm light source in a tubular photoreactor with constant 
stirring and bubbling of air in a quartz water-cooled reaction vessel. The solution was 
filtered and extracted with CHC13 followed by the removal of the solvent under 
reduced pressure to give a residual mass. The GC-MS analysis of the residual mass 
showed two products appearing at R, 10.75 min and 11.04 min in addition to the 
unchanged starting material at 9.77 min as shown in Figure 2.26. The mass spectrum 
of the products appearing at R, 10.75 min and 11.04 min is shown in Figure 2.27 and 
Figure 2.28 respectively. These products have been characterized based on their 
molecular ion and mass fragmentation pattern and designated as 7 and 6 respectively. 
The formation of these two products from Dinoseb (1), involving electron transfer 
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reactions and reactions with hydroxyl and superoxide radicals, can be understood in 
terms of the pathway shown in Scheme 2.1. Dinoseb may undergo hydroxyl radical 
insertion followed by loss of hydrogen atom to give the product 4 which may intern 
undergo sequential oxidative reaction of terminal methyl groups to give first aldehyde 
6 (R, 11.04 min) and then dicarboxylic acid derivative 7 (RI 10.75 min). It is pertinent 
to mention here that hydroxyl radical insertion reaction in aromatic ring and oxidative 
conversion of methyl into carboxylic group has been reported in the literature under 
similar reaction conditions [109]. 
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Figure 2.24: Gas Cluocoatogram of unirradiated Dinoseb (1) R+ 9.76 min. 
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Figure 2.25: Mass fragmentation of peak appearing at 819.76 min corresponding to 
Dinoseb (1). 
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Figure 2.26: Gas Chromatogram of an irradiated Dinoseb (1) in 1:1 acetonitrile/water 
mixture in the presence of Ti02 for 8 hours. 
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Figure 2.27: Mass fragmentation of the peak appearing at RL 11.04 min. 
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Figure 2.28: Mass fragmentation of the peak appearing at Ri 10.75 min. 
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Scheme 2.1: Probable pathway for the degradation of Dinoseb (1) catalyzed by TiO2 
in the presence of UV light. 
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2.4.10.2 Intermediate products of Dinoterb (2)  
";ll 
Irradiation of a solution of Dinoterb 2 (0.20 mM) in CH;CN/HZO mixture (1:1, 50 
mL) in the presence of TiO2 (Degussa P25, 1 gL-t ) for 8 hrs and workup of the 
reaction mixture under analogous conditions gave a residual mass. The GC-MS 
analysis of this residue showed two product peaks appearing at retention times 11.59 
and 12.14 min, in addition to the unchanged starting material peak (Rt 10.37 min) as 
shown in Figure 2.29. The molecular ion and mass fragmentation pattern of the 
unchanged starting material peak (R4 10.37 min) and the unknown product (Rt 11.59 
min) are shown in Figures 2.30 and 2.31 respectively. The product 11, appearing at 
Rt 12.14 min, was identified as 2-isopropyl-4,6-dinitro-phenol on the basis of the 
molecular ion and mass fragmentation pattern as shown in Figure 2.32. A probable 
pathway for the formation of the product 11 is shown in Scheme 2.2. 
2.4.10.3 Intermediate products of Thiamethoxam (3) 
An aqueous solution of Thiamethoxam 3 (3.4 mM, 180 mL) was irradiated with a 
125W medium pressure mercury lamp in the presence of Ti02 (Degussa P25 1.5gL") 
under constant stirring and bubbling of atmospheric oxygen for different time 
intervals. The GC of thiamethoxam prior and after irradiation (3 and 6 hrs) is shown 
in Figure 2.33 (a-c). As expected the CC analysis of unirradiated Thiamethoxam (3) 
showed a single peak appearing at retention time (R1) 13.0 min (Figure 2.33 (a)). The 
molecular ion and mass fragmentation of this peak (R, 13.0 min) is shown in Figure 
2.34 and corresponds to the thiamethoxam (3). The GC analysis of Thiamethoxam 
after 3 his of irradiation (Figure 2.33 (b)) indicate the formation of six intermediate 
products appearing at retention times (R,) 12.5, 12.3, 11.4, 5.4, 5.3 and 4.4 min. 
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Figure 2.29: Gas Chromatogram of Dinoterb (2) in 1:1 accetonitrile/water mixture 
after 8 hours of irradiation in the presence of Ti02. 
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Figure 2.30: Mass fragmentation of unchanged starting material peak (R, 10.37) 
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Figure 2.31: Mass fragmentation of the peak appearing at Rt 11.59. 
81 
Figure 2.32: Mass fragmentation of the peak appearing at R, 12.14. 
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Figure 2.34: Mass spectrum of unchanged staring rcaterial peals (R1 13.0 min) coinspondiHg to T amethoxnm (3)(IUPAC I>ame, 3-(O-
chlorothiazal-i-yl)methyl)-S•mcthyl-I,3,5-oxadiazinan•4-imineI. 
It is interesting to note that GC analysis of Thiamethoxarn after six hours of 
irradiation indicate the disappearance of the product at R, 12.5 min and decrease in 
concentration of products at RR 5.3 min (Figure 2.33 (b)). Moreover two new 
intermediate products appeared at retention times 4.6 min and 4.1 min (Figure 2.33 
(c)). These products have been characterized based on their molecular ion and mass 
fragmentation and designated as 13, 14, 15, 16, 19, 20, 21 and 22 (Scheme 2.7). 
2.4.10.3.1 Mass fragmentation of products 13 and 22 
Earlier studies by R. Augusti et. a] on direct photolysis of thiamethoxatn have shown 
the formation of several intermediate products including 13 and 22 [53, 54]. The 
molecular ion and mass fragmentation pattern of these two products obtained in our 
case, shown in Figure 2.35 and 2.36 respectively, are consistent with that reported by 
the above authors indicating that 13 and 22 are also formed during the photocatalytic 
treatment of thiamethoxam in the presence of Ti02. 
2.4.10.3.2 Mass fragmentation of products 14 and 15 
The structure of the products 14 (m/z 259) and 15 (m/z 173) have been assigned on 
the basis of mass fragmentation pattern shown in Figure 2.37 and 2.38 respectively. 
The probable structure of fragmentation products from 15 is shown in Scheme 2.3. 
The most abundant ion at m/z 139 corresponds to the loss of chlorine radical. Further 
expulsion of CN lead to the cation with m/z 113, which may give rise to the product 
ion at rn/z 79 by elimination of hydrogen_ sulphide molecule. The [M-42] ion at rrdz 
132 might arise by loss of methanediimine. It is important to note here that the 
isotopic pattern of this ion indicates the presence of one chlorine atom in its structure. 
The structure of the triazole derivative 14 was deduced from its mass spectrum which 
showed characteristic peaks for M", M-35 (loss of chlorine radical), 
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Figure2.38: Mass speotnun of the peak appearing at R, 5.3  min corresponding to 1•(2-ehlorothiazol-5-yl)-N (iminomelhyfene)methaiuunine (15). 
FM-35]-56 (loss of acryaldehyde). The structure of fragment ions at m/z 174 and m!z 
132 are supposed to be same as depicted in the fragmentation of product 15. The mass 
fragmentation pattern of the product 14 is depicted in Scheme 2.4. 
2.4.103.3 Mass fragmentation of Product 16 
The presence of [M+2] peak in the mass spectrum of product 16 (m/z 233), shown in 
Figure 2.39, indicates the presence of chlorine atom. The structure and the probable 
fragmentation pathway of compound 16 are shown in Scheme 2.5.The most abundant 
ion at m/z 176 corresponds to the loss of acryaldehyde radical (loss of 57 mass units). 
Subsequent loss of the chlorine radical gives rise to the abundant radical cation at m/z 
141 which may further give rise to a cation at m/z 113 by expulsion of HCN molecule 
and hydrogen radical. The product ion at m/z 147 arises by the loss of HCN and H2 
molecule from its precursor ion at m/z 176. 
2.4.10.3.4 Mass fragmentation of products 19, 20 and 21 
The absence of [M+2] peak in the mass spectrum of products 19, 20 and 21, shown in 
Figure 2.40 — 2.42 respectively, indicate the absence of chlorine atom. The probable 
structure assigned to the fragmentation peaks of 19, 20 and 21 is shown in Scheme 
2.6. The molecular ion of compound 19 at m/z 142 can easily lose .a nitrogen 
molecule to give product ion at nilz 114. This may further lead to a radical cation at 
m/z 70 by losing an acetaldehyde molecule. The mass spectrum of the compound 
[20+II]' at m/z 102 showed characteristic peaks for Mt, M`-30 (loss of CO) and 
]vf r-32 (loss of sulphur). The molecular mass of the compound 21 at m!z 114 indicates 
a molecule containing even number of nitrogen atoms. The peak at m/z 86 
corresponds to the elimination of CO forming an oxadiazole derivative which upon 
further Ioss of nitrogen molecule gives rise to the production at m/z 58. 
NH 
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-NHCN HI 
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NH 
-CI  
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I C41HaN2 ]+ 
m/z 79 
I 
Scheme 2.3: Proposed Fragmentation pathways for the ion [15+H]t of 
m/z 174. 
• 
4. 
HN—N 	N ' 	-Cl 	HN—N 	NI -C,Hno 	HN"N 	N 
HSC.%N.JCN 	S , CI 	H~C~N~N 
5  
	
 
H2N N  H	SJ 
m/z 259 	 mlz 224 	 m/z 163 
14 
Scheme 2.4: Proposed Fragmentation pathways for the degradation product 14 of 
m/z 259. 
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91 
NII H 
x MN N 	S CI HN=CHCHO 
nfl 233 
(S 64 
NH 	NH 
~. HNC H 	5 CI 	-CI 	HN N 	j ^ S H 
mtz 176 m/z 141 
I
HCN HCN 
Hz 
111 
-H 
J.L. HN 	
CI 
[ CzH26 1" 	C2H3N2 	[ C4H5N2S   
mhz 58 	mh 113 m!z 	147 
Scheme 2.5: Proposed Fragmentation pathways for the ion [16+H]` of 
nt/ 233. 
Gesimi Pntdex Mea*glI rme4.t..4.1) 
.to3 x.ts3W 	 NH—N 
42D45 H3CIN N 
70 I 	
58.D29 	 9) 
rM 
Figure 2.40: Mass spectrum of the peak appearing at R, 4.1 min corresponding to 8- 
methyl-5,7,8,8a-tetrahydro-1H-[1,2,4]triazolo[4,3-c][1,3,5]oxadiazine (19). 
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Figure 2.41: Mass spectrum of the peak appearing at Rt 4.6 tnin corresponding to 
Thiazoi-2-ol (20). 
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Figure 2.42: Mass spectrum of the peak appearing at R, 5.4 min corresponding to 5-
methylthiazol-2-ol (21). 
93 
+ 	+. 	+, 
_ 	-N2 	H3C NAN -CH3CHOrH4N2 C 	[.+ 
	
LJ 	~J [ 3 0) ` ° °)  
m!z 142 m/z 142 	 m!z 114 	Mz 70 
19 
fNHz 
Li'- 
	-' LL 	 O 	mlz 74 
SOH S O 
mu z 102 	mlz 102 E2 H 
[20+H]' 0 
mlz 70 
CM N ~IN 	CO CH' 
\ J 	N2 	
+ . [ C3H6O ] 
O O 
m!z 114 	miz 86 m/z 5B 
21 
Scheme 2.6: Fragmentation pathways proposed for 19 (m/z 142), [20tH]+ (m/z 102) 
and 21 (m/z 114). 
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2.4.10.3.5 Photocatalytic transformation ofThiamethoxam (3) 
On the basis of the above results and assumptions, a probable degradation pathway of 
thiamethoxam (3), in aqueous suspension of TiO, under exposure to UV light, was 
proposed as described in Scheme 2.7. The formation of triazole derivative 14 was not 
unexpected. Previous studies have shown that N-alkyl-o-nitroanilines are readily 
cyclized to form benzimidazoles and benzimidazote-N-oxides upon irradiation at 
2537A" and upon irradiation through Pyrex [110, 11 l ]. The entire aspects of chemical 
interaction between aromatic nitro groups and ortho side chains had been the subject of 
review by Preston and Tenant [112]. It must be pointed out that intermediate of the type 
12 was not detected during the photocatalytic treatment of 3 but is assumed to be the 
preferred precursor of 14. If 3 is assumed to cyclise prior to reduction of nitro group to 
nitroso, this would lead to N-oxide derivative of 14. However this compound 23 could 
not be detected. The reduction of nitro group of 3 to nitroso couldn't be detected either. 
The mechanism to account for the formation of triazole derivative 14 and its N-oxide 
derivative is shown in Scheme 2.8. Product 16 can easily be formed by demethylation 
of 13. It should be noted here that compound 17 was not detected during the 
photocatalytic treatment of 3. Since 17 could be formed from 13 by photo nucleuophilic 
displacement of chlorine and imine by hydroxyl radical, 17 appears to be the preferred 
precursor of 21 and 22. Compound 18, although not detected in the GCJMS of 
irradiated samples, was proposed to be formed under these reaction conditions. The 
conversion of 14 to the intermediate 18 is proposed to occur via a fast nucleophilic 
substitution of the Cl atom, connected at the thiazolic ring of 14, by the OH group. The 
degradation products 19 and 20 are suggested to be formed as a result of photocatalytic 
decomposition of 18. Compound 20 can also be suggested to be formed via 
demethylation of 22. 
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Scheme 2.7: Probable route for the photocatalytic transformation of Thiamethoxam (1) 
in the presence of Ti02 via the formation of 12-22. 
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Chapter 3 
PHOTOCATALYTIC DEGRADATION OF THREE PESTICIDE 
DERIVATIVES IN AQUEOUS SUSPENSIONS OF Ti02:  MINERALIZATION 
AND GC-MS STUDY 1121 
3.1 Abstract 
Semiconductor mediated hydrogen peroxide-assisted photocatalytic degradation of 
three selected pesticide derivatives, Bentazon (1), Chloramben (2) and Cyanazine (3) 
has been investigated in aqueous suspensions under a variety of conditions. The 
degradation was studied by monitoring the depletion in total organic carbon (TOC) 
content and decrease in substrate concentration as a function of irradiation time. The 
degradation kinetics was investigated under different conditions such as the \ type of 
Ti02 (Anatase/Anatase-Rutile mixture), reaction pH, catalyst dosage and hydrogen 
peroxide (H202) concentration. The degradation rates were found to be strongly 
influenced by all the above parameters. Titanium dioxide Degussa P25 was found to 
be more efficient as compared with other two commercially available TiO2 powders 
like Hombikat UV100 and PC500 from Millennium Inorganic Chemicals. GC-MS 
analyses of the irradiated mixture of these pesticides indicate the formation of several 
intermediate products which have been characterized on the basis of molecular 
ion/mass fragmentation pattern and also on comparison with the NIST library. 
Plausible mechanisms for the formation of different products during photocatalytic 
treatment of pesticide derivatives 1-3 in the presence of TiO2  have been proposed. 
The use of H2OZ substantially increased the efficiency of TiO2 photocatalytic 
degradation. 
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3.2 Introduction 
The intensive use of pesticides in agricultural practice frequently gives rise to the 
contamination of soil and water resources. Due to the toxicity, stability to natural 
decomposition and persistence in the environment, these compounds have been the 
cause of much concern to the societies and regulating authorities around the world. 
The remediation of toxic compounds from ground water supplies has been a great 
interest by the scientific communities. During the past two decades, photocatalytic 
processes involving Ti02 semiconductor particles under UV light illumination have 
been shown to be potentially advantageous and useful in the degradation of organic 
pollutants in aqueous suspension. Earlier studies [3, 4] have shown that a wide range 
of herbicides, pesticides, fungicides and insecticides can be completely 
photomineralized in the presence of T102 and oxygen. 
Bentazon (1) is a selective post-emergence herbicide, acting as a photosynthetic 
electron transfer inhibitor, used to control many broadleaf weeds and sedges primarily 
by contact action in most graminous and many large seeded leguminous crops [5]. 
Bentazon has the potential to contaminate both ground and surface water because of 
its low soil sorption and high water solubility. It is stable to hydrolysis and has a half 
life of less than 24 hours in water because it is readily broken down by sunlight [6]. 
Bentazon is slightly toxic by ingestion and by dermal absorption. Ingestion of higher 
doses in humans may cause vomiting, diarrhea, trembling, weakness and irritation to 
the skin, eyes, and respiratory tract [7, S]. 
The pesticide compounds, Chloramben (2) and Cyanazine (3) are used as a pre- and 
post emergence herbicide for the control.of annual grasses and broadleaf weeds in 
corn, sorghum, cotton, potato, soyabean etc.[9]. Chloramben was found to be 
persistent contaminant in Ontario wells supposed to find its way through leaching 
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[10]. The pesticide compound Cyanazine has been found in the ground water of two 
U.S. states (Iowa and Pennsylvania) at concentrations ranging between 0.1-1.0 µgfL 
[11]. The general population is exposed to these herbicides from contaminated 
drinking water or food [12]. Few studies related to photodegradation of Bentazon [13-
15), Chloramben [16-18] and Cyanazine [19-21] have been reported earlier by 
different groups of workers but no major efforts have been made to study the detailed 
degradation kinetics and photocatalytic transformations of these pesticide compounds. 
Therefore, we have studied the detailed degradation kinetics of the pesticide 
compounds 1-3, shown in Chart 3.1, in aqueous suspensions of TiO2 under different 
conditions and also identified the intermediate products formed during the 
photoxidation process using GC-MS analysis technique. 
3.3 Experimental 
3.3.1. Reagents and chemicals 
All three pesticide derivatives 1-3 were purchased from Sigma- Aldrich India and 
were used without further purification. Heterogeneous photocatalytic tests were 
carried out using Degussa P25 Ti02 (Degussa AG, anatase: ruffle; 80:20, specific BET 
50 m2g 1, particle size 21 nm) f22]. Other Ti02 catalyst powders used for comparison 
are Hombikat UV 100 (Sachtleben Chemie GmbH, anatase, specific BET 250 m2g `, 
particle size 5-10 nm) and PC500 (Millennium Inorganic Chemicals, anatase, specific 
BET 320 m21, particle size 5-10 tun) [23, 24]. All other chemicals used in this study 
such as sodium hydroxide, nitric acid, hydrogen peroxide (30%), was of reagent grade 
and obtained from Merck. Double distilled water was used throughout the work. 
OH3 
N )j 'CH3 
S=O 
O 
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IN 
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Bentazon (1) 
3-Isopropyl-1H- 2,1,3-bcnzothiadiazin-4,(3H) -one 2,2-dioxide (C10H12N20~S) 
O OH 
CI 
CI 	NH2 
Chloramben (2) 
3-amino-2, 5-dichlorobenzoic acid (H2NC6H2(CI)1CO2H) 
H3C CH3 
CN 
NN 
CI N N CH3 
Cyanazine (3) 
2-(4-ch]o ro-6-(ethylamin o)-1,3,5-triazin-2-ylamino)-2-nnefhylpropanenitrile 
(C9H 3C1Nr) 
Chart 3.1: Chemical structure, Common name, IUPAC name and Empirical 
formula of pesticides 1-3. 
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33.2. Procedures 
Experiments were carried out in an immersion well photoreactor made of Pyrex glass 
equipped with a magnetic bar, a water circulating jacket and an opening for molecular 
oxygen. Required amount of the photocatalyst was then added and equilibration of the 
solution was assured by continuous stirring and atmospheric oxygen supply for at 
least 15 minutes in the dark- Irradiations were carried out using 125 W medium 
pressure mercury lamps (Philips). The Iight intensity, as measured by W-light 
intensity detector (Lutron UV-340), was found to be in the range of 1.49-1.85 
mW/cm2. 
For the photocatalytic experiments, 250 niL of the pesticide solution containing the 
appropriate quantity of the semiconductor powder was taken in an immersion well 
photochemical reactor and stirred magnetically, while the solution was purged 
continuously with atmospheric oxygen. At specific time intervals samples of 6 mL 
were withdrawn, centrifuged in order to remove TiO2 and subsequently analyzed. The 
reaction temperature was kept constant at 20iO3 °C using refrigerated circulating 
water bath. Some photocatalytic experiments were repeated three times in order to 
check the reproducibility of the experimental results. The accuracy of the optical 
density and TOC values were within t5%.The pH of the reaction mixture was 
adjusted by adding dilute aqueous solution of NaOH (I mM) or HNO3 (1 nmM). 
3.3.3. Analytical methods 
The photocatalyzed degradation (decrease in pesticide concentration) of pesticide 
derivatives 1-3 was followed by measuring the change in absorbance at their X.. 225, 
299 and 238 nm respectively using UV-Vis spectrophotometer (Shimadzu UV-1601) 
whereas the mineralization (Depletion in TOC vs. Irradiation time) was monitored by 
measuring the Totai Organic Carbon (TOC) content with a Shimadzu TOCvcsH 
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Analyzer by directly injecting the aqueous solutions of irradiated samples. The 
concentration of the compounds was calculated by calibration curves obtained from 
the absorbance measurement at different known concentrations. For each experiment, 
the mineralization rate of the pesticide derivatives was calculated from the slope 
obtained by linear regression of the p[ot of natural logarithm of TOC as a function of 
irradiation time. 
For the intermediate analysis, aqueous solution of the pesticide of desired 
concentration was irradiated for higher time intervals and the catalyst was removed 
through filtration. The filtrate was extracted with chloroform, subsequently dried over 
anhydrous sodium sulphate and the solvent was removed under reduced pressure to 
give the residual mass which was analyzed by GC-MS. For GC-MS analysis, Accu 
TOF GCv (JMS-TI00GCv) system from Jeol Asia equipped with Agilent 7690 GC 
was used. The GC column for separation was a HP-5, 30 m long and 0.25 mm 
internal diameter. The film thickness was 0.25 microns. The column temperature 
programme initially used was 100 °C with an isothermal hold time for 5 minutes and 
then rose to 280 °C at a ramp of 10 °C/min. The injector temperature was 250 °C and 
the injection volume was 0.4 .tL, with a split ratio 1:50. The interface temperature 
was maintained at 280 °C. The carrier gas was helium with a flow rate 1 mL/min. 
3.4 Results and discussion 
3.4.1 Photolysis of aqueous suspensions of pesticide derivative I in the presence 
and absence of T102 
Irradiation of an aqueous suspension of pesticide derivative 1 in the presence of Ti02 
and I 202  with constant bubbling of atmospheric oxygen lead to decrease in pesticide 
concentration and depletion in TOC content as a function of time. Figure 3.1 (a) 
shows the decrease in absorption intensity at its l m. (225 nm) as a function of 
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irradiation time in the presence of TiO2 and H202. Figure 3.1 (b) depicts the change 
in concentration and depletion in TOC content as a function of irradiation time of an 
aqueous suspension of I in the presence and absence of Ti02. It is obvious from the 
figure that the irradiation of I in the presence of I-h02 and UV light without Ti02  lead 
to 9 % mineralization and 9.5 % degradation after 90 minutes. The corresponding 
values increased to 59.7 % and 92.7 V. respectively when Bentazon was irradiated for 
the same time period in the presence of Ti02. 
3.4.2 Photolysis of aqueous suspensions of pesticide derivative 2 in the presence 
and absence of Ti02 
An aqueous suspension of pesticide derivative 2 was irradiated in the presence of 
TiC2 and H202 under analogous conditions. Figure 3.2 (a) shows the decrease in 
absorption intensity at its 	(299 nm) whereas the Figure 3.2 (b) depicts the 
change in concentration and depletion in TOC content as a function of irradiation time 
in the presence and absence of photocatalyst. It could be seen from the figure that in 
the presence of H2O2 and UV light, only 12.5 % mineralization of Chloramben was 
observed after 90 minutes of irradiation whereas 15.5 % degradation was observed 
after 45 minutes of irradiation. The corresponding values increased to 97.4 % and 
98.5 % respectively when Chloramben was irradiated in the presence of both TiO2 
and I-1202 for the same time period. 
3.4.3 Photolysis of aqueous suspensions of pesticide derivative 3 in the presence 
and absence of TiO2 
Irradiation of an aqueous suspension of pesticide derivative 3 in the presence of TiC2  
and H202 under similar conditions leads to decrease in pesticide concentration and 
depletion in TOC content as a function of irradiation time. 
2.00A 
(0.500 
Idiv) 
(a) 	0 min 
5 min 
15 min 
30 min 
60 min 
90 min 
1 1 1 
190.Onm 	(50/div) 	500.Onm 
BentazoneI H2O2 i hti (Degmdafioo) 
y Bentazone 111202 i hr (\vinranzntimm) 
1'- 	 —S BentazoneI P2j 1 p20Z/ht- (Degradation) 
Beotazonel P251H202flIv(3lioerxlizatioa) 
lA 
O.S 
J 	 (h) V C 
0.6 J iJ 
y 0.t 
0.2 
OA 
0 	20 	40 	60 	50 	100 
Irradiation Time (min) 
Figure 3.1 (a): Change in absorption intensity of Bentazon at its Xntax 225 nm at 
different time interval on irradiation of an aqueous suspension of Bentazon in the 
presence of TiO2 under constant stirring and bubbling of atmospheric oxygen. (b): 
Change in concentration and TOC content as a function of irradiation time of an 
aqueous suspension of Bentazon in the presence and absence of photocatalyst. 
Experimental conditions: Immersion well photoreactor made up of Pyrex glass, 
Light source: 125W medium pressure Hg lamp, [Bentazon] — 0.5 mM, [H202] = 30 
mM, Photocatalysts TiO2: [P25] = 1 gL ', Vol. = 250 mL, Light intensity (1.86-1.88 
mW/cm2). Irradiation Time = 90 min. 
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Figure 3.2 (a): Change in absorption intensity of Chloramben (2) at its ?max 299 nm 
at different time interval on irradiation of an aqueous suspension of Bentazon in the 
presence of Ti02 under constant stirring and bubbling of atmospheric oxygen. 
Absorbance was followed at 299 nm after 25% dilution. (b) Change in concentration 
and TOC content as a function of irradiation time of an aqueous suspension of 
Chloramben in the presence and absence of photocatalyst 
Experimental conditions: Immersion well photoreactor made up of Pyrex glass, 
Light source: 125W medium pressure Hp lamp, [Chloramben] = 1.0 mM, [H202] = 30 
mM, Photocatalysts TiO2: [P25] = 1 gL , Vol. = 250 mL, Light intensity (1.86— 1.88 
mWlem2). Irradiation Time ° 45 min. (L)V analysis) and 90 min (TOC analysis). 
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Figure 3.3 (a) shows the decrease in absorption intensity at its Xm,r (238 run) as a 
function of irradiation time in the presence of Ti02 and 11O2. Figure 3.3 (b) depicts 
the change in concentration and depletion in TOC content as a fitnetion of irradiation 
time of an aqueous suspension of 3 in the presence and absence of TiO2. As shown in 
Figure 33 (b), in the presence of H202 and photocatalyst, 89.9 % mineralization of 
Cyanazine was observed after 90 minutes whereas 90.4 % degradation was observed 
after 60 minutes of irradiation. On the other hand, in the absence of photocatalyst only 
1.3 % mineralization and 1.6 % degradation was observed. 
The curves for the depletion of TOC Vs irradiation time (mineralization) and decrease 
in concentration Vs irradiation time (degradation) for pesticide derivatives 1-3, can be 
fitted reasonably well by an exponential decay curve suggesting pseudo-first order 
kinetics. For each experiment, the rate constant for the mineralization or degradation 
was calculated from the plot of the natural logarithm of the TOC content or 
concentration of the herbicide as a function of irradiation time. The rate of 
mineralization and degradation for the herbicides were calculated in term of mo1L-  
tmiri t using formula given below; 
d[TOC]_kC" 	(1) 
dt 
d[C] 	(2) 
dt 
TOC = Total Organic Carbon, C = concentration of the pollutant, k = rate constant, n 
= order of reaction. 
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Figure 3.3 (a) Change in absorption intensity of Cyanazine (3) at its Xmax 238 ran at 
different time interval on irradiation of an aqueous suspension of Cyanazine in the 
presence of Ti02 under constant stirring and bubbling of atmospheric oxygen. 
Absorbance was followed at 238 mu after 25% dilution. (b) Change in concentration 
and TOC content as a function of irradiation time of an aqueous suspension of 
Cyanazine in the presence and absence of photocatalyst. 
Experimental conditions: Immersion well photoreactor made up of Pyrex glass, 
Light source: 125W medium pressure Hg lamp, [Cyanazine] = 0.5 mM, [H202] = 20 
nill, Photocatalyst TiO2: [P25] = 1 gL', Vol. = 250 mL, Light intensity (1.86 —1.88 
mW(cm2). irradiation Time = 60 min. (UV analysis) and 90 min (TOC analysis). 
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3.4.4. Effect of different TiO2 Photocatalysts on the degradation and 
mineralization of pesticide derivatives 1-3 
The photocatalytic degradation and mineralization of pesticide derivatives 1-3 was 
tested with three different commercially available Ti02 powders (namely Degussa 
P25, Hombikat UV100 and Millennium Inorganic PC500) in the presence and 
absence of H202.  The degradation of all three compounds 1-3 were found to proceed 
faster in the presence of H202 as compared with the experiments carried out in the 
absence of H2O2.  The degradation and mineralization rate of 1-3 in the presence of 
three different Ti02 samples with and without H202 is shown in Figure 3.4-3.6 
respectively. In all three compounds the photocatalyst Degussa P25 was found to be 
better for degradation and mineralization as compared to other Ti02 samples. Since 
the rates were found to be very slow in absence of H202, all following experiments 
were carried out in the presence of H202 in order to determine the detailed 
degradation kinetics under different conditions. 
For better photocatalytic activity, the catalysts having smaller particle size with large 
surface area would result in better adsorption of compounds followed by interaction 
of light. According to particle size, BET surface area and percentage of anatase, the 
photocatalytic activity should be in the order of Hombikat UV100>PC500>Degussa 
P25 but this was not observed in this case. The actual order of activity observed in the 
case of pesticide derivatives 1-3 was Degussa P25>UV100>PC500 and is in 
accordance with the results obtained for the photocatalytic degradation of large 
number of organic pollutants [25-27]. The better photocatalytic activity of Degussa 
P25 could be attributed on the basis of the fact that P25 being composed of small 
nano-crystallites of rutile being dispersed within an anatase matrix. The smaller band 
gap of rutile "catches" photons, generating electron- hole pairs. 
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Figure 3.4: Comparison of mineralization rate of Bentazon (1) in the presence of 
different photocatalysts. 
Experimental conditions: Inmtersion well photoreactor made up of Pyrex, Light 
source: 125 W medium pressure mercury lamp, Light intensity (1.86— 1.88 mWIcm2), 
[Bentazon] = 0.5 mM, [1-1202] = 30 nuM, [P25] _ [UV 100] _ [PC500] = I gL"', Vol. 
250 ml., Irradiation Time = 90 min. 
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Figure 3.5: Comparison of degradation and mineralisation rate of ChLoramben (2) in 
the presence of different photocatalysts. 
n.xi Chloramben / TiO, / H2O, / he (Mineralization) 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mW/cm2), [Chloramben] = 1.0 mM, [1-1202] = 30 mM, [P25] = [UV100] 
_ [PC500] = 1 gL-t, Vol. = 250 mL, Irradiation Time = 45 min (UV analysis) and 90 
min (TOC analysis). 
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Figure 3.6 Comparison of degradation and mineralization rate of Cyanazine (3) in the 
presence of different photocatalysts. 
Experimental conditions: Reaction vessel immersion well photoreactor made up of 
Pyrex glass, light source: 125 "V medium pressure mercury lamp, Light intensity 
(1.86-1.88 mWlcm2), [Cyanazine] = 0.5 mM, [I 202] = 20 mM, [P25] = [UVI00] = 
[PC500] = I gL', Vol. = 250 mL, Irradiation Time = 60 min (UV analysis) and 90 
min (TOC analysis). 
120 
121 
The electron transfer from the rutile conduction band to electron traps in anatase 
phase takes place. Recombination is thus inhibited allowing the hole to move to the 
surface of the particle and react [28). In one of the earlier study [29] the better 
photocatalytic activity of Degussa P25 has been shown to be on the basis of the fact 
that P25 owes its high photo-reactivity due to slow recombination between electron 
and holes whereas Sachtleben lIombikat UV L00 has a high photo reactivity due to 
fast interfacial electron transfer rate. Since the photocatalyst Degussa P25 was found 
to be more active photocatalyst, it is obvious that the rate-limiting step cannot be 
interfacial electron transfer rate but rather lifetime of electron hole pairs. 
3.4.5. Effect of catalyst dosage on the degradation and mineralization of pesticide 
derivatives 1-3 
For economic removal of pollutants from the waste water using heterogeneous 
photocatalysis, the optimum amount of catalyst is necessary to be determined for 
efficient degradation since reaction rate has been found to be dependent on the 
catalyst loadings [30-33]. 
The photocatalytic degradation and mineralization of pesticide derivatives 1-3 in the 
presence of H201 at different Ti02 concentrations (P25 and UV 100) has been 
investigated and the results are depicted in Figure 3.7-3.9 respectively. The 
photocatalytic rate of degradation and mineralization of three compounds was found 
to increase initially with increase in catalyst loading from 0.5 to IgL'' and a further 
increase in catalyst dosage lead to decrease in degradation rate. This may be due to 
the fact that at high catalyst loading light scattering and screening effects reduces the 
photonic flux within the irradiated solution. Moreover at higher catalyst 
concentration, the tendency towards agglomeration increases and the increased 
turbidity of the suspension reduces the light transmission [34]. 
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Figure 3.7: Effect of catalyst concentration on mineralization rate of Bentazon (1). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mW/cmz), [Bentazon] = 0.5 mM, [H2O2] = 30 mM, [P25] = [UV 100] = 1 
gL-t, Vol. — 250 mL, Irradiation Time = 90 min. 
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Figure 3.S: Effect of catalyst concentration degradation and mineralization rate of 
Chloramben (2). 
Experimental conditions; Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mW/cm2), [Chloramben] — 1.0 mM, [H202] — 30 mM, [P25] — [UV I00] 
= 1 gL-t, Vol. = 250 mL, Irradiation Time ° 45 min (UV analysis) and 90 min (TOC 
analysis). 
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Figure 3.9: Effect of catalyst concentration on degradation and mineralization rate of 
Cyanazine (3) in the presence of different photocatalysts. 
Experimental conditions: Reaction vessel: immersion well ph0toreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86— 1.88 mW/cm2), [Cyariazine] = 0.5 mM, [112023 = 20 mM, [P25] = [UV1001 = 
I gL-1, Vol. = 25.0 mL, Irradiation Time = 60 tnin (UV analysis) and 90 min (TOC 
analysis). 
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It is important to mention here that this optimum amount of catalyst depends on the 
initial concentration of the pollutant, geometry and the working conditions of the 
reactor and corresponds to the optimum of light absorption [35]. The optimum 
amount of lgL' TiO2 has been suggested for the photocatalytic degradation of 
various herbicides [34, 36). 
3.4.6. Effect of Initial pH on the degradation and mineralization of pesticide 
derivatives 1-3 
The surface properties of metal oxides under acidic or alkaline conditions can have 
considerable implications upon their photocatalytic activity [37], therefore solution 
pH is an important parameter that influences the photocatalytic degradation and 
mineralization of organic pollutants. Employing Degussa P25 as photveala]yst the rate 
of mineralization for pesticide compounds 1-3 in the presence of hydrogen peroxide 
was studied in the pH range 1-10. In case of Bentazon (1) the photocatalytic 
mineralization rate was found to increase with the increase in initial pH from 2.0 to 
5.2 and then decreased with further increase in pH as shown in Figure 3.10. In case of 
Chloramben (2), the rate was found to increase with increase in pH from 1.2 to 6.8 
and then decreased with any further increase in pH as shown in Figure 3.11. In case 
of Cyanazine (3), highest rate was observed at pH 2.2 which was found to decrease 
slowly with increase in pH as shown in Figure 3.12. 
Since the pH., of TiO2 is about 6.25 [38], the Ti02 surface will be positively charged 
(Eq. (3)) in acidic medium (pH<6.25) whereas it will be negatively charged (Eq. (4)) 
in alkaline medium (pH>6.25). 
When pH<Pzc: TiOH + H'' H TiOH2 	(3) 
When pH>Pze: TiOH + OH- H TiO" +H20 	(4) 
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Figure 3.10: Effect of initial pH on the mineralization rate of Bentazon (1). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mW/cm'), [Bentazon] = 0.5 mM, [1-1202] = 30 ntf, [P25] = I gL , 
[Initial pH] = 2.2, 3.3, 5.2, 6.3, 7.9 and 9.3, Vol. = 250 mL, Irradiation Time = 90 
min. 
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Figure 3.11: Effect of initial pH on the degradation and mineralization rate of 
Chloramben (2). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.98 mW/cm2), [Chloramben] = 1.0 mM, [H20Z] = 30 mM, [P25] = I gL- , 
[Initial pH] = 1.2, 3.2, 6.8 and 9.5, Vol. = 250 mL, Irradiation Time = 45 min (UV 
analysis) and 90 min (TOG analysis). 
128 
0.025 	 Csauazine"P25 /11,0,/by  (%Iineratization) 
Cyanazine'P251 H+O+! hr (Degradation) 
0.020 
0.015 
e o.oto 
o.eos 
0.000 
IllltialpH 6.3 
	 8.6 
Figure 3.12: Effect of initial pH on the degradation and mineralization rate of 
Cyanazine (3). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mWlem2), [Cyanazine] = 0.5 mM, [HZOZ] = 20 mM, [P25] = 1 
[Initial pH] = 2.2, 4.4, 6.3 and 8.6, Vol. = 250 mL, Irradiation Time = 60 min (UV 
analysis) and 90 min (TOC analysis). 
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The pk, of Bentazon (1) has been reported to be 3.3 [39]. The increase in 
mineralization rate with increase in pH from 2.2 to 5.2 may be attributed to the 
efficient adsorption of substrate on catalyst surface due to attraction between 
positively charged TiO1 surface and negatively charged Bentazon molecules. Further 
increase in pH decreases the mineralization rate since repulsive forces between 
negatively charged catalyst surface and negatively charged Bentazon molecules 
decreases the adsorption and hence the photoeatalytic process. The pla  value of 
Chloramben (2) has been reported as 3.4 [40]. The better rate at neutral pH could be 
attributed to zwitterionic form of Chloramben leading to better adsorption on the 
surface of the photocatalyst. The lower rate at acidic and alkaline pH could be due to 
electrostatic repulsion between ionic Chloramben and charged Ti02 particles. 
The pK, value of Cyanazine (3) has been reported as 0.63 [41]. The better degradation 
rate of Cyaoazine in acidic pH may be attributed on the basis of the fact that the 
compound will be fully in the anionic form within the pH range studied. At lower pH 
values, adsorption will occur due to anionic form of compound 3 and the positively 
charged TiO2 resulting in better degradation rate. With the increase in pH the 
negatively charged titanium dioxide surface would repel the compound 3, and this 
repulsion would increase with increasing pH, resulting in a decrease in the 
photodegrodation efficiency. 
3.4.7. Effect of Hydrogen Peroxide Concentration on the degradation and 
mineralization of pesticide derivatives 1-3 
The degradation and mineralization of pesticide derivatives 1-3 has been investigated 
in the presence of different H202 concentration in order to obtain the optimum value. 
The effect of different concentrations of hydrogen peroxide on the degradation and 
mineralization rate of pesticide derivatives 1-3 is respectively shown in 
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Figure 3.13-3.15. The rate was found to increase with the increase in hydrogen 
peroxide concentration from 10 mM to 30 mM in all three pesticide derivatives. Any 
further increase in hydrogen peroxide concentration had a negative effect on the rate 
of degradation and mineralization. The increase in reaction rate by H,02 addition 
could be attributed to its better electron acceptance power (Eq. 5) thereby reducing 
electron hole recombination as well as increase in the number of hydroxyl radicals 
produced which are required for the degradation of organic pollutants [42]. The 
hydroxyl radicals can also be formed by interaction of hydrogen peroxide with 
superoxide radicals (Eq. 6). Above optimum value the competitive reactions between 
hydroxyl radical and peroxide lead to the generation of less reactive hydroperoxide 
radical which does not contribute to the degradation of organic substrate (Eq. 7) [43]. 
The inhibition of degradation rate can also be explained in terms of TiO2 surface 
modification by H202  adsorption resulting in scavenging of photo produced holes [44] 
(Eq. 8). 
O H202 +ecB 	 T  OH+ OH 	(5)  
O 
H202 + 02 	 OH + OH ±02 Z (6) 
H202 + OH 	 HO2 + H2O 	(7)  
H202 + 2h 	 )W 02  +2H+ 	(8) 
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Figure 3.13: Effect of H202 concentration on mineralization rate of Bentazon(1). 
Experimental conditiuns: Reaction vessel: immersion well photoreactor made up of 
'yrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
1.86 — 1.88 mW/cm2), [Bentazon] = 0.5 mM, [H202] = 10, 20, 30 and 40 mM, [P25) 
_ [UV I00] = 1 gL"', Vol. = 250 mL, Irradiation Time = 90 min. 
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Chlnramben I P2? / he (Degradation) 
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Figure 3.14: Effect of H202 concentration on the degradation and mineralization rate 
of Chloramben (2). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.85 mW/cm2), [Chloramben] = 1.0 mM, [H202] = 10, 20, 30 and 40 mM, 
[P25] = I gL"', Vol. = 250 mL, Irradiation Time = 45 min (UV analysis) and 90 min 
(TOG analysis). 
Cyanazine / P25/ hr (Mineralization) 
Cyanazine / P25 1 hr (Degradation) 
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Figure 3.15: Effect of H202  concentration on the degradation and mineralization rate 
of Cyanazine (3). 
Experimental conditions: Reaction vessel: immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.86 — 1.88 mW/cm2), [Cyanazine] = 0.5 mM, [H2O2] — 10, 20, 30 and 40 mM, (P251 
= I gL"', Vol. — 250 mL, Irradiation Time = 60 min (UV analysis) and 90 min (TOC 
analysis). 
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3.5. Intermediate product analysis 
3.5.1. Photocatalytic transformation ofRentazon (1) 
An attempt was made to identify the intermediate products formed during the 
photocatalytic degradation of Bentazon (1) in the presence of titanium dioxide using 
CC-MS analysis technique. An aqueous solution of Bentazon ( 1.85 mM, ISO not. ) 
was irradiated with 125W medium pressure mercury lamp in the presence of TiO2 
(Degussa P25 1.5gL-t ) under constant stirring and bubbling of atmospheric oxygen for 
different time intervals. GC analysis of unirradiated and irradiated samples (6 hr) of 
Bentazon is shown in Figure 3.16 (a & b). 
Analysis of unirradiated sample indicates a single peak at retention time (R1) 12.9 
corresponding to Benta2on as confirmed..by NIST library whose molecular ion and 
mass fragmentation pattern is shovnt in Table 3.1. Analyses of the irradiated mixture 
of I for six hours indicate the formation of several products as shown in Figure 3.16 
(b). The structure of photoproducts has been proposed on the basis of molecular ion, 
mass fragmentation pattern and also on comparison with the • NIST library. It is 
interesting to note that none of the hydroxyl derivatives of Bentazon were observed in 
our case as has been reported to be formed during its degradation in soil, photolytic 
and photocatalytic conditions in several earlier studies [14, 45, 46]. 
The structure of the product 2 (m/z 17S) has been confirmed by comparing its 
molecular ion and mass fragmentation pattern with NIST library. The mass 
fragmentation of the product 9 (m/z 193) is shown in Scheme 3.1. Loss of methyl 
radical gives radical cation at rn/z 178. The most abundant peak at m/z 150 
corresponds to the loss of isopropyl radical. Subsequent loss of nitrosyl radical gives 
cation at m/z 120 which upon further loss of carbonyl group gives cation at m/z 92. 
Alternatively the cation at rn/z 150 may lose 'NH2 radical to give radical cation 
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ISgure 3,16: Gas Chromatogram of Bentazon (1); (a) Unirradiated Bentazon,(b) Irradiated sample (6 br). 
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Table 3.1: Probable products formed during the photocatalytic degradation of 
Bentazon (1) along with their retention time and corresponding mass fragmentation. 
Retention Name Confirmed by Mass Fragmentation 
time Pattern 
12.9 3-Isopropyl-IN- 2,1,3- KIST 240(M'), 225, 198, 182, 
benzothiadiazin-4,(3H) 161, 119, 92 and 64 
-one 2,2-dioxide, 
Bentazone (1) 
12.5 N-isopropyl-2- Mass 208(M'), 180, 152, 139, 
nitrobenzamide (8) fragmentation 125, 111, 97, 83, 69 and 
12.3 	N-isopropyl-2- 
nitrosobenzamide (9) 
8.8 	2-amino-N- 
isopropylbenzamide (5) 
7.0 	N-isopropylbenzamide 
(7) 
4.3 	2-aminobenzoic acid (4) 
Mass 193(M'), 178, 150, 134, 
fragmentation 120, 104, 92, 76 and 58 
NIST 178(M), 120, 92,65 and 
58 
Mass 163(MM), 135, 106, 93; 
fragmentation 86, 70 and 56 
Mass 138(M'), 106,59, 44 
fragmentation 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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at m/z 134 which upon further loss of nitrosyl radical gives radical cation at m/z 104. . 
Similarly the mass fragmentation pathway of the product S (miz 208) is shown in 
Scheme 3.2. 
The molecular ion and mass fragmentation pathway of the product 7 (m/z 163) is 
given in Scheme 3.3. The most abundant peak at m/z 135 corresponds to the loss of 
carbonyl group. Further loss of propene leads to the formation of aniline radical cation 
(m/z 93). The peak at m/z 106 corresponds to benzaldehyde radical cation formed via 
a-cleavage of precursor ion at m/z 163. Alternatively loss of phenyl radical leads to 
the formation of oxonium cation at m/z 86 which upon further loss of methane 
molecule leads to another oxonium cation at mu z 70. On the basis of the above results 
and assumptions, a probable degradation pathway of Bentazon (1), in aqueous 
suspension of Ti02 under exposure to UV Light, was proposed as described in Scheme 
3.4. It should be mentioned here that products 4, 5, 8 and 9 have been reported to be 
formed during the direct photolytic exposure of Bentazon [47]. Moreover, products 4 
and 5 have also been reported as degradation metabolites of Bentazon in soil. Thus 
the initial loss of 602 gives product 5. Addition of hydroxyl radical and subsequent 
loss of isopropyl amine leads to 2-aminobenzoic acid (4). The oxidation of NH2 group S 
of product 5 leads to nitrosyl derivative 9 via intermediate 6. Further oxidation of 
product 9 gives nitro derivative 8. The conversion of NI-I2 to NO2 via NO during 
photocatalytic treatments in the presence of Ti02 is well documented in literature [48- 
51 ]. 
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Scheme 3.1: Proposed Fragmentation pathways for the ion [9+H]+ of m/z 193_ 
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Scheme 3.2: Proposed Fragmentation pathways for the degradation product 8 of 
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Scheme 3.3: proposed Fragmentation pathways for the degradation product 7 of 
m/z 163. 
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Scheme 3.4: Possible route for the photocatalytic degradation of Bentazon (1) in the 
presence of Ti02 via the formation of products 4-9. 
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3.5.2. Photocatalytic transformation of Chloramben (2) 	- 
GC analysis of an unirradiated (0 h) and irradiated mixture (6 and 10 h) of 
Chloramben (2) in accetonitrile water mixture in the presence of Ti02  with constant 
bubbling of air is shown in Figure 3.17 (a-c). Analysis of the unirradiated sample 
indicate a single peak at retention time (Ri) 11.3 min corresponding to the 
Chloramben as confirmed by NIST library whose molecular and mass fragmentation 
pattern is shown in Table 3.2. Analysis of the irradiated mixture of 2 for six and ten 
hours indicates the formation of several products as shown in Table 3.2. The 
structures of photoproducts have been proposed on the basis of molecular ion, mass 
fragmentation pattern and also on comparison with the NIST library. The formation of 
different products during the photooatalytie degradation of Chloramben can be 
understood in terms of the pathway shown in Scheme 3.5. The major route for the 
formation of various products from 2 involves the declilorination and deamination 
reactions. The model compound 2 upon the transfer of an electron can form the 
radical anion 10 which may either lose CF to give 11 or NH3 molecule to give 12. 
Both 11 and 12 after further transfer of electrons can lead to the formation of product 
13 which may again lose another CL- to give the observed product 14. The structures 
of the products 11-14 were identified by comparing their mass fragmentation with the 
NIST library. 
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Figure 3.17: Gay Chromatogram of CNorantheu (2); (a) Unirradial Ch1ommben, (b) irradiated sample (6 hr), (c) Irradiated sample (10 
hr). 
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Table 3.2: Probable products formed during the photocatalytic degradation of 
Chloramben (2) along with their retention time and corresponding mass 
fragmentation. 
Retention 	Name 	 Confirmed Mass fragmentation 
11-4 3-amino-2,5- NIST 209.03 (Mw) /206.98/ 
dichlorobatuoic acid 205, 188, 162, 124.02 and 
Chloramben (2) 62.03 
9.7 3-amino-5-chlorobenzoic NIST 171 (M+) / 173, 1541156, 
acid (11) 126/ 128, 90, 63 and 52 
7.9 2,5-dichlorobenzoic acid MIST 189.99 (M+) / 191.99 / 
(12) 194.04, 172.98 / 174.99, 
156.03, 144.99, 139.02, 
111.02 and 75.03 
5.4 Chlorobenzoic acid (13) KIST 158.02 (M') / 156.01, 
139.01/341.01,111.01/ 
113.01, 75.03 and 50.02 
3.5 Benzoic acid (14) NIST 122.05 (M4), 105.041 
106.06. 77.04 and 51.03 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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Scheme 3.5! Proposed photocatalytic degradation pathway of Chlorambea (2) in 
presence of Ti02. 
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3.5.3. Photocatalytic transformation of Cyanazine (3) 
GC analysis of an unirradiated (0 h) and irradiated mixture (6 and 10 h) of Cyanazine 
(3) in accetonitrile water mixture in the presence of TiO2 with constant bubbling of air 
is shown in Figure 18 (a-b). Analysis of the mixture of 3 after six hours of irradiation 
indicated the formation of several products. The molecular ion and mass 
fragmentation data of Cyanazine and its various products are given in Table 3.3. 
Probable structures of photoproducts have been proposed on the basis of molecular 
ion and also by comparing the mass fragmentation with the NIST library. The major 
routes for degradation of Cyanazine are dealkylation, dechlorination, decyanation and 
hydroxylation reactions shown in Scheme 3.6. In case of Cyanazine, the structure of 
the products 16 and 18 has been confirmed by comparing their mass fragmentation 
with NIST library. It is interesting to note that the mass fragmentation pattern obtained 
here for products 16 (m/z 201) and 18 (mlz 173) is similar to those proposed by Jifirg 
et. al [52] and Ross & Tweedy [53]. According to the above authors the most common 
fragmentation pathway for the molecular ions of chlorinated s-triazines containing 
alkyl amino side chains is a-cleavage and McLafferty rearrangements. The structure 
of the products 15 (m!z 223) and 19 (mfz 212) have been proposed on the basis of 
mass fragmentation pattern shown in Scheme 3.7 and 3.8 respectively. The protonated 
molecular ion of 15 (m/z 223) indicates the absence of chlorine atom whereas its 
molecular mass prior to protonation m/z 222 indicates a molecule containing an even 
number of nitrogen atoms. The most abundant ion at m/z 195 corresponds to the 
elimination of etbene (loss of 28) from ethyl amino side chain. Subsequent loss of CO 
molecule gives rise to the cation at m/z 167 which after further 
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flpre 3.18: Gas Chromatogram of Cyanazine (3); (a) Uniiradutd Cyaraaaine, (b) Irradiated sample (6 hr). 
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Table 3.3: Probable products formed during the photocatalytic degradation of 
Cyanazine (3) along with their retention time and corresponding mass fragmentation. 
Retention 
time (min) 
Name Confirmed by Mass fragmentation 
pattern 
14.8 2-(4-(ethylamino)-6- Mass 223.14 (M+H), 208.12, 
hydroxy-1,3,5-triazin- Fragmentation 195.10, 180.11, 166.12, 
2-ylamino)-2- 152.11,139.08, 137.08, 
methylpropanenitrile 111.07, 97.07, 83.07 and 
(15) 69.02 
13.2 2-(4-chloro-6- Mass 225.10 (M'), 212.09 / 
(methylamino)-1,3,5- Fragmentation 214.10, 184.07 / 185.08, 
triazin-2-ylamino)-2- 170.06,161.09, 145.03 / 
methylpropanenitrile 147.04, 129.02, 110.06, 
(17) 104.02, 86.99, 83.07, 
6S.03/67M3 and 43.04 
12.7 2-(4-chloro-6- NIST 240.12 (M') /242. 12,  
(ethylamino)-1,3,5- 227.09/225.10,212.10, 
triazin-2-ylatnino)-2- 198.08,174.06 / 173.07, 
methylptopanenitrile 15S.08, 145.03, 138.09, 
(3) 110.06, 96.06, 68.03, 
55.03 and 44.05 
12.0 2-(4-amino-6-chloro- Mass 212.09 (Me), / 214.10, 
1.3,5-triazin-2- Fragmentation 184.06! 185.07, 170.05, 
ylamino)-2- 161.09,145.03 / 147.04, 
methylpropanenitrile 129.01, 110.06. 83.07, 
(19) 68.03 / 67.03 and 43.04 
10.1 	6-chloro-N2,N'- 	NIST 201.11 (M')/ 203.11, 
diethyl-1,3,5-triazine- 200.11, 186.09, 173.08, 
2,4-diamine (16) 158.07, 154.13, 145.05, 
139.11, 132.7, 126.10, 
111.08, 96.07, 76.06, 
71.07, 68.03, 55.07 and 
43.04 
9.0 	6-chloro-N2-ethyl- 	NIST 173.08(M`) 1175.08, 158 
1,3,5-triazine-2,4- /160.06,154.12,  145.04, 
diamine (18) 139.10, 126.09, 11 LOS, 
91.07, 85.07, 69.05 / 
68.03, 55.05 and 43.04 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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Scheme 3.6; Possible route for the photocatalytic transformation of Cyanazine (3) in 
the presence of Ti02 via the formation of products 15-19. 
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elimination of N2 molecule (loss of 28) gives abundant ion at m!z 139. Loss of H2 
molecule leads to cation at m/z 137. 
Expulsion of cyanide radical could then lead to the observed radical cation at m/z 111. 
The [M-15] radical cation at m/z 208 might arise by loss of methyl radical from side 
chain. Subsequent elimination of ethene from ethyl amino side chain together with 
hydrogen migration leads to the product ion at m/z 180 which after further loss of CO 
molecule gives product ion at m/z 152. The presence of product ion at m/z 97 formed 
via the rupture of the triazine ring is characteristic in the iMs/MS spectra of 
ethylhydroxytriazines [54]. This ion after further loss of ethene via y-hydrogen 
migration yields the ion at m/z 69. The presence of these ions (m/z 97 and 69) as well 
as absence of any M+2 peaks provide further evidence for the assignment of the 
molecular ion at mfz 223 belonging to the class of ethylhydroxytriazines. The 
presence of M+2 peaks in the mass spectra of product 19 (m/z 212) indicates the 
presence of chlorine atom. The most abundant ion at m/z 145 corresponds to the loss 
of methacrylonitrile (loss of 67) from the bulky side chain. The formation of the 
product ions at m/z 110, 68 and 43 from the precursor ion at m/z 145 has been 
explained by Ross Sc Tweedy [53]. The [M-28] ion at nt/z 184 might arise by the loss 
of ethene from the alkyl amino side chain. Subsequent elimination of 
aminoacetonitrile radical (loss of 55) leads to the cation at m/z 129. 
CI H CI 	+. 
i~~ 
~~ H2NN H CH3 	H4 
f 
CSHSCINsl+ C2~N2 HzN~NJ 
Mz 212 
	
nVz 154
11 	
rNz 129 
19 
LH2C(CH3)CN 
Gl. 	+. 
a 
N NH -Cl' ` N  *—NH 	o~ r'• -tHICN 
HiN~N_NH 	H2N )N ) 	
H2N-C-=N~tb C=N—CN 	C=N-C-N 
a HLNH 	O NHz 
Mz 145 	m(z 110 mfz 110 m/z 68 
(b) -HNCNCN 
1 a 
H2N-C~NH 
mlz 43 
Scheme 3.8: Proposed Fragmentation pathways for the degradation product 19 of 
Sr 212. 
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Chapter 4 
PHOTOCATALYTIC TRANSFORMATIONS OF FEW SELECTED 
PESTICIDE DERIVATIVES IN AQUEOUS SUSPENSIONS OF TITANIUM 
DIOXIDE MONITORED BY GC-MS: INTERMEDIATES AND 
DEGRADATION PATHWAYS 
4.1 Abstract 
Extended studies have shown that a wide range of organic compounds in aqueous 
solutions are photocatalytically oxidized/mineralized in the presence of titanium 
dioxide in presence of light. The photocatalyzed degradation of pesticides doesn't 
occur instantaneously to form inorganic species but through the formation of long• 
lived intermediate compounds. Their detection and identification play a crucial role 
for better understanding of the mechanism involved in these reactions. 
The photocatalytic degradation of few selected pesticide derivatives such as 
Chlorophene (1), Trifluralin (2), Prometon (3), Clodinafop-propargyl (4), 1,2- 
dichloro-4-nitrobenzene (5) and Mono-methyl-5-nitroisophthalate (6) has been 
investigated in the presence of TiO_, in aqueous or accetotutrile/water mixture under 
continuous purging of atmospheric air. The course of degradation was followed by 
thin-layer chromatography and gas chromatography-mass spectrometry techniques. 
Electron ionization mass spectrometry was used to identify the degradation species. 
CC-MS Analysis indicates the formation of several intermediate products which have 
been characterized on the basis of molecular ion, mass fragmentation pattern and 
comparison with. the NIST library. The photocatalytic degradation of pesticides of 
different chemical structures exhibited markedly different degradation mechanism. 
The major routes for the degradation of pesticides were found to be: (a) Dealkylation, 
dehalogenation, decarboxylation, denitration, if present (b) Hydroxylation (c) 
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Oxidation of side chain, if present (d) lsomerizaüon and cyclization (e) Cleavage of 
alkoxy, amide, amino-alkoxy and ester bonds (t) Reduction of triple bond to double 
bond and nitro group to amino was also observed 
4.2 Introduction 
The contamination of water bodies due to the presence of pesticides constitutes a 
pervasive problem and therefore advanced methods are in demand for the effective 
treatment of these pesticide polluted ground and surface waters. Advanced oxidation 
processes have proven too effective for the removal of organic pollutants. During the 
last two decades, photocatalytic processes involving TiO2 semiconductor particles 
under UV light illumination have been shown to be potentially advantageous and 
useful in the degradation of organic pollutants [1-4]. The photocatalyzed degradation 
of pesticides doesn't occur instantaneously to release inorganic species but through 
the formation of long lived intermediates or degradation products which can 
themselves be toxic and in some cases, more persistent than the original substrate [5-
7]. 
Therefore identification of the degradation products during photocatalytic treatment is 
important to optimize and increase the overall efficiency of the process. However, the 
complexity of the reaction pathways, formation of number of by products and the 
broad range of concentration and polarity of intermediate products are some of the 
problems faced during analytical determination of degradation products. Therefore 
careful analytical monitoring using different techniques is essential in order to control 
all transformation steps and to understand and propose the reaction pathways. 
Due to the complexity of the elcctron/radical induced reactions occurring during the 
photocatalytic processes, it is difficult to suggest a cornprehcnsivc reaction pathway 
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explaining the formation of all detected intermediates. However, a relatively sufficient 
number of rather abundant degradation products have been recognized during the 
process, so that a tentative pathway can be proposed taking into account the usual 
transformation processes of other organic compounds. Gas chromatography coupled 
with mass spectrornetry is one of the most frequent analytical tools used for the 
detection of degradation products [8-10]. Important advantages of the GC-MS based 
methods area (a) the sufficient structural information is yielded (h) The data can be 
compared with authentic standards using commercial libraries which make the 
identification of unknown degradation products feasible (c) The ruggedness and 
reliability of GC-MS interface (d) The high sensitivity and separation efficiency 
which avoids the overlapping of compounds with similar structures. 
Pesticide derivatives of distinctive chemical structure and physical behavior, shown in 
Chart 4.1 and 4.2, have been selected for Ti02 mediated photocatalyzed degradation 
in aqueous suspensions with an aim to identify the intermediate products formed 
during the photoxidation process using GC-MS analysis technique. These compounds 
include Chlorophene (1), Trifluralin (2), Praneton (3), Clodinafop-propargyl (4), 1,2- 
dichloro-4-nitrobenzene (5) and mono-methyl-5-nitroisophthalate (6). 
Chlorophene (2-benzyl-4-chlorophenol) (1) is a halogenated phenolic compound used 
primarily in personal care and household cleaning products. According to Sires et al. 
[11], Chlorophene concentration can reach upto 50 mg/L in activated sludge sewage 
systems and 10 ug/L in sewage treatment plant effluent and rivers. Because of its 
hydrophobic nature and ocatanol-water partition coefficient (log K0 ) of 3.99, 
Chlorophene might partition into soil and sediments upon entering aquatic 
environment and this could upset the balance of ecosystem [12]. 
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Trifluralin (2,6-dinitro-N,N-dipropyl-4-(trifluoromethyl)aniline) (2), a dinitroaniline 
herbicide, is one of the most common herbicide used to control many annual grasses 
and broadleaf weeds for agricultural crops [13]. Tritluralin is currently registered in 
more than 50 countries for use on over 80 crops [14]. It is currently the 3rd and 4th 
most commonly used herbicide on cotton and soyabean respectively. Due to its 
hydrophobic nature, it strongly sorbs to soil and therefore its transport to the surface 
and ground water in the dissolved-phase is very limited. Offsite transport mainly takes 
place by soil erosion and subsequent deposition into streams and lakes or by 
volatilization losses following field applications [15-18]. Trifluralin has been 
classified as group C possible human carcinogen and possesses relatively high 
toxicity for aquatic organisms. Moreover, Trifluralin is suspected to be an endocrine 
disruptor [19]. 
Prometon (N2,N4-diisopropyl-6-methoxy-1,3,5-triazine-2,4-diamine) (3), a triazine 
herbicide, is used for total vegetation control on industrial sites on non-crop areas on 
farms, in and under asphalts and to a small extent by homeowners [20-22]. It acts as a 
photosynthetic inhibitor, disrupting CO2 fixation and production of the intermediary 
energy components. Prometon has often been detected in surface water [23] and 
groundwater [24] but its presence is rarely discussed partly because of its infrequent 
inclusion on the lists of herbicides used either in agriculture or urban areas. According 
to recent studies by US geological survey, Prometon was the most frequently detected 
herbicide at urban sites and 3 d` (groundwater) and 4'h (surface water) most frequently 
detected herbicides at agricultural sites. The dissolved phase run-off and leaching 
potential of Prorneton has been found to be considerably large [25, 26]. There are no 
efficient loss mechanisms for Prometon from these aquatic systems. According to US 
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Environmental Protection agency, Prometon is having relatively low oral and dermal 
toxicity but it is a moderate-  irritant to eyes [27].  
Clodinafop-propargyl 	(2-Propynyl 	(R)-2-[4-(5-chloro-3-fluoro-2- 
pyridinyloxy)phenoxy]propionate) (4) is a systemic, post-emergence herbicide that 
effectively controls isQpro[uron-resistant little seed canary grass biotypes (Phalaris 
tntnor Ritz.) along with other broad-leaved weeds of wheat (Triticum aestivum) [28-
32]. This herbicide is used in combination with a Safener, Cloquintocet-mexyl, but 
has an antagonistic effect with auxin-type herbicides [33]. It interferes with the 
production of fatty acids needed for plant growth in susceptible grassy weeds [341. 
This herbicide breaks down rapidly in soil and is mobile in soil. The toxicity data 
indicates that Clodinafop-propargyl has low acute oral, dermal and inhalation toxicity. 
It has been classified as, "likely to be carcinogenic to human" causing developmental 
and fetotoxicity in rats. This product has been found to be moderately toxic to aquatic 
organisms [35]. 
Chloronitrobenzenes are important chemical intermediates in the manufacture of dyes, 
agricultural, pharmaceutical and industrial agents [36-40]. The toxicity induced by 
chloronitrobenzenes include hematoxicity, sphenotoxicity, heptatoxicity [41-43] and 
immunotoxicity [44, 45]. 
CI 
Chlorophene (1) 
2-benzyl-4-chlorophenol (C13H,1C1O) 
H3C~~N~~CH3 
02N 	NO2 
CF3 
Trifluraliu (2) 
2,6-dinitro-N,N-dipropyl-4-(tritluoromethyl)eniline (C13Hi6F3N3O3) 
OCH3 
CH3 NN CH3 
H3CXN~NCHs 
Prometon (3) 
N1,N4-diisopropyl-6-m ethoxy-1,$,5-triazine-2,4-diami n e (CjoHj9N5O) 
Chart 4.1: Chemical structure, Common name, IUPAC name and Empirical 
formula of pesticides 1-3. 
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0 
Clodinafop-propargyl (4) 
2-Propynyl (R)-2-[4-(5-chloro-3-11uoro-2-pyridinyloxy)phenoxy]propionate 
(Cj7H13CIFNO4) 
NO2  
/ CI 
C( 
1,2-dichluro-4-nitrobenzene (5) 
(C6H3C13NO2) 
OCH3 
02N 
Monomethyl-5-nitroisophthalatc (6) 
3-(methoxycarbonyl)-5-nitrobenzuic acid (C9II,NO6) 
Chart 4.2: Chemical structure, Common name, IUPAC name and Empirical 
formula of pesticides 4-6. 
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43 Experimental 
43.1. Reagents and chemicals 
All six pesticide derivatives 1-6 were purchased from Sigma- Aldrich India and were 
used without further purification. Heterogeneous photocatalytic transformation 
experiments were carried out using Degussa P-25 TiOi (Degussa AG, anatase: rutile: 
80:20, specific BET 50 mzg ', particle size 21 nm) [461. All other chemicals used in 
this study like accetonitrile, sodium sulphite, chloroform etc were of analytical grade 
and obtained from Merck. 
4.3.2 Procedure 
Aqueous solutions of pesticide derivatives 1-6 were irradiated for different time 
intervals with a 125 W medium pressure mercury lamp in the presence of Ti02 
(Degussa P25 1.5gL-t) under constant stirring and bubbling of air in an immersion 
well photoreactor made of Pyrex glass. The catalyst was removed through filtration 
and the irradiated mixtures were extracted with chloroform, dried over anhydrous 
sodium sulphate. The solvent was removed under reduced pressure to give a residual 
mass which was analyzed by GC-MS analysis technique. 
4.3.3 Characterization of Intermediate products 
To identify the intermediate products formed during the photocatalytic degradation of 
pesticide derivatives 1-6, Gas Chromatography coupled with Mass Spectrometry 
detector (GC-MS) was used. The conditions and principal of GC-MS has been 
explained in Chapter 2. 
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4.4 	Results and Discussion 
4.4.1 Photocatalytic transformation of Chlorophene (1) in 
acetonitrile water mixture in the presence of TiO: 
An attempt was made to identify the intermediate products formed during the 
photocatalytic degradation of Chlorophene (1) in the presence of titanium dioxide 
using GC-MS analysis technique. A solution of Chlorophene 1 (1.58 mM) in 
CH3CNIHz0 mixture (1:6, 180 ml) was irradiated with 125W medium pressure 
mercury lamp in the presence of TiO2 (Degussa P25 1.5 gI.-t ) for different time 
periods with constant stirring and bubbling of air in an immersion well photochemical 
reactor made of Pyrex glass. GC analysis of unirradiated and irradiated samples (6 
firs) of Chiorophene is shown in Figure 4-1 (a & It) respectively. The molecular ion 
and mass fragmentation patterns of Chlorophene and its different degradation 
products are shown in Table 4.1. 
The unirradiated Chlorophene sample shows a single peak at retention time (R,) 11.8 
min corresponding to Chlorophene as confirmed by NIST library. The GC-MS 
analysis of Chlorophene after 6 hours indicate the formation of several intermediate 
products as shown in Figure 4.1 (b). The structure of photoproducts has been 
proposed on the basis of molecular ion, mass fragmentation pattern and also on 
comparison with the NIST library. 
The main pathways for the degradation of Chlorophene were found to be 
dechlorination, hydroxylation of the benzene ring and oxidation of the benzylic 
carbon. It is interesting to note that compound S and 10 have also been shown to be 
formed during the degradation of Chloropticrre by combination of ultraviolet light and 
ozonation [47]. Moreover none of the dimeric products has been observed to be 
Erpedmenl Date(fime: 7(2112011 239:32  PPM 
x10 Irnty(69874680) 	 (1)  
x10 lneesity(5949fiEs9J 	 (1  
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Time [mioj 
Figure 41: Gas Chromatogram of Chioropice (I); (a) UnirradiatedChIoroiene, (b) Irradiated mixture (6 hr), 
165 
166 
Table 4.1: Probable products formed during the photocatalytic degradation of 
Chlorophene (1) along with their retention time and corresponding mass 
fragmentation. 
Retentio 
n time 
(min) 
Name Confirme 
d by 
Mass fragmentation 
14.6 4-chloro-2- MS 234.083/236.080( 	), 
(hydroxybenzyl)phenol (9) 215.063, 199.108,18I.097, 
152.090,141.029,128.022, 
115.072, 1 07.063, 94.049, 
77.046 
11.8 2-bcnzyl-4-chlorophenol (1) NIST 218.107/220.083(M), 
183.122/184.108, 
165.095/166.095, 
152/153.087, 
140.030/142.015, 
112.017/114.014,91.052, 
77.041/78.049,51 
11.0 5-chloro-2- NIST 231.057/232.064/233.060( 
hydroxyphenyl){phenyl)methano M'), 155.012/157.012, 
tie (8) 105.044, 89.046, 77.045, 
63.028 
9.5 2,5- MS 214.10(M1 ), 196.081, 
dihydroxyphenyl)(phenyl)metha 186.09,168.08,159.06, 
none (10) 132.07,129.08,115.06, 
95.02, 91.06, 77.04, 65.04 
9.4 2-benzylphenol (7) NIST 184.1 14/185.120(M;), 
165.0921167.110, 152.086, 
106.051/107.060, 1.060, 
78.050 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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formed in our case as has been reported by Zhang et a]. during the oxidative 
transformation of Chlorophene in presence of manganese dioxide [12]. The formation 
of different products during the photocatalytic degradation of Chlorophene 1 can be 
understood in terms of the pathway shown in Scheme 4.1. 
Dechlorination of the Chlorophene 1 lead to the formation of 7. Addition of hydroxyl 
group leads to the formation of products 9. The oxidation of benzylic carbon 
gives a keto derivative S. Dechlorination of 8 followed by 
hydroxylation gives 10. 
OH 
I \ 	I \ 
1 
OH 	 OHO 	 OH 
r 
OH 
CI _ 	 CI 
+e i-CI l+OH 
OH O 
I / Ir  
OH 
10 
Scheme 4.1: Probable pathway for the degradation of Chlorophene (1) catalyzed by 
Ti02 in the presence of UV light. 
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4.4.2 Photocatalytic transformation of Trifluralin (2) in acetoaitrile 
water mixture in the presence of TiO2 
A solution of Trifluralin 2 (1.23 mM) in CH3CN/H20 mixture (1:6, 180 ml) in the 
presence of TiO2 (Degussa P25 1.5 gL-') was irradiated with 125W medium pressure 
mercury lamp for different time periods with constant stirring and bubbling of air in 
an immersion well photochemical reactor made of Pyrex glass. GC-MS analysis of 
unixradiated and irradiated samples (6 hr and 9 hr) of Trifluralin are shown in Figure 
4.2 (a, It & c) respectively. Figure 4.2 (a) indicate a single peak at retention time (R,) 
9.4 corresponding to Trifluralin as confirmed by comparing molecular ion and mass 
fragmentation pattern with NIST library. Figure 4.2 (b and c) indicate formation of 
several intermediate products on irradiation of Trifluralin in the presence of TiOz. It is 
interesting to note that, on prolonged irradiation of Trifluralin for 9 hours, 
concentration of few intermediates decreases whereas some additional intermediates 
are formed. Few products that have been characterized based on molecular ion, mass 
fragmentation patterns and also on comparison with NIST library, are shown in Table 
4.2. 
The probable degradation pathway of Trifluralin 2 under photocatalytic conditions 
showing the formation of vazious products is shown in Scheme 4.2. The complete 
reduction of one of the nitro group of 2 to amino group lead to the formation of 11. 
Partial reduction of nitro group of 11 gives nitroso derivative 15 which upon 
cyclization and subsequent loss of water molecule lead to the formation of product 18. 
Cyclization of 11, prior to reduction of nitro group lead to N-oxide derivative 14. 
Similarly partial reduction of one of the nitro group of 2 lead to intermediate 12 which 
upon further loss of water molecule gives benzimidazole derivative 16. 
„leftExednient Deflitne: TI2l23111250:31 P69 	 (~) 
ro)ira S 1e(6k) 	(16) 
11.0 
	
(14) 1291q 	17352 
(c)IiràkdSample(9k) 
9i4(1 )  12,31171 	 17.1 
112.9 
TfN[r iei 
figure 4.2: Gas Chromatogram of Tritluralin (2); (a) Unirradiated Trifluralin, (b) Irradiated mixture (6 hr) (b) irradiated mixture (91u) 
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Loss of N-propyl group of 16 lead to the formation of 19. The formation of 
benzimidazoles (16, 18 and 19) and benzimidazole-N-oxide derivative 14 was not 
unexpected. Previous studies have shown that N-alkyl-o-nitroanilines are readily 
cyclised to form benzimidazoles and benzimidazole-N-oxides upon irradiation at 
2537A° and upon irradiation through pyrex [48, 49]. The entire aspects of chemical 
interaction between aromatic nitro groups and ortho side chains had been the subject 
of review by Preston and Tenant [50]. Alternatively loss of one of the propyl group 
and hydroxylation of another alkyl group of 2 may lead to 13. Partial reduction of one 
of the nitro group of 13 gives 17. It is worth mentioning that dealkylation and 
reduction of nitro group to amino via nitroso under photocatalytic conditions is well 
documented in literature [51-54]. 
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Table 4.2: Probable products formed during the photocatalytic degradation of 
Trifluralin (2) along with their retention time and corresponding mass fragmentation. 
Retentio 
ntime 
(min) 
Name Confirme 
dby 
Mass fragmentation 
9.4 2,6-dinitro-N,N-dipropyl-4- NIST 335.142 (M'), 318.138, 
(trifluoromethyl)aniline (2) 306.136/307.105, 
290.105, 
264.076/265.053, 
248.054,206.051, 
160.049, 145.035 
9.9 2-ethyl-7-nitro-5- NIST 259.157 (M), 241.123, 
(trifluoromethyl)-1H- 227.105, 213.095, 
benzo[d]imidazole (19) 207.014, 199.073, 
186.098, 158.187, 
147.827,114.459, 
99.536, 54.368 
11.0 2-ethyl-7-nitro-l-propyl-5- NIST 301.134 (M5/302.143, 
(trifluoromethyl)-IT- 282.140, 272.098, 
benzo[d]imidazole (16) 258.078, 
243.087/244.094, 
212.0771213.083, 
159.043, 145.037 
12.7 7-amino-2-ethyl-l-propyl-5- MS 287.150 (M`)/288.159, 
(trifluoromethyl)-IH- 258.113/259,124, 
benzo[d]imidazole 3-oxide (14) 245.103, 230.82, 
217.069, 202.083 
12.9 3- 2-ohydroxyanunfl)-6-nitro-4- MS 295.164 (M)/296.I77, 
(trifluoromethyl)phenylamino)pr 280.140, 266.123, 
opan-1-ol (17) 252.111/23.111, 239.112, 
225.095 
13.0 2-ethyl-l-propyl-5- MS 271.155 (M+)/272.160, 
(trifluoromethyl)-I H- 256.131, 242.113, 
benze[d]imidazol-7-amine(18) 229.1041228.097 
15.2 3-(2,6-dinitro-4- MS 310.171 (1vC), 295.153, 
(trifluoromethyl)phcnylamino)pr 283.159/284.162, 
opan-I-ol(13) 268.134, 
254.116,240.101, 
227.102, 
213.089/214.091, 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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4.4.3 Photocatalytic transformation of Prometon (3) in aqueous 
suspension of TiO2 
Aqueous solution (180 ml) of Prometon 3 (1.97 mM) in the presence of TiO2 
(Degussa P25 1.5 gL-') was irradiated with 125W medium pressure mercury lamp 
under analogous conditions. GC-MS of analysis of the starting material and irradiated 
samples (6 hr and 9 hr) of Prometon are shown in Figure 4.3 (a, b & c) respectively. 
Figure 4.3 (a) shows a single peak at retention time (Ri) 10.1 minutes corresponding 
to Prometon as confirmed by comparing its molecular ion and mass fragmentation 
pattern with that in NIST library. The GC-MS analysis of Prometon after six hours of 
irradiation shows formation of three products at retention times 7.4 min., 8.9 min. and 
10.5 min. along with some unchanged starting material at R, 10.] minutes. The 
prolonged irradiation for nine hours shows formation of two new products appearing 
at retention times (R,)  11.0 min. and 12.7 min. The concentration of the three products 
formed after six hours of irradiation were found to increase with increase in 
irradiation lime for nine hours while some of the starting material still remained 
unchanged. The structure of these products have been confirmed on the basis of their 
molecular ion and mass fragmentation pattern and also on comparison with NIST 
library as shown in Table 4-3. A probable pathway for the photocatalytic 
degradation of Prometon 3 is shown in Scheme. 4.3. The main routes 
for the photocatalytic degradation of Prometon 3 were found to be 
dealkylation, side chain hydroxylation and isomerization. Several 
triazine based pesticides have been eported to follow the similar 
routes during photocatalytic degradation [55-59]. 
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Figure 4,3: Gas Chromatogram of Prom on (3); (a) Unirmdi8red Prometon, (b) Cnediafed sample (6 hr), (c) Irradiated sample (9 hr) 
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Table 4.3. Probable products formed during the photocatalytic degradation of 
Prometon (3) along with their retention time and corresponding mass fragmentation. 
Retention Name Confirmed Mass fragmentation 
time by 
(min) 
12.7 2-(4-(isopropylamino)- MS 242.11(M)/24 1.11,225.08, 
6-methoxy-1,3,5- 212.08, 198.07, 174.06, 173.06, 
triazin-2- 158.04,145.02, 138.08, 104.01, 
ylamino)propan-1-ol 96.06, 68.01 
(20)  
11.0 N2-ethyl-N4-isopropyl- NIST 211.12(M), 196.10, 183.12, 
6-metboxy-1,3,5- 168.10, 141.07, 126.07, 111.06, 
triazine-2,4-diamine 100.05, 69.04, 58.06 
(21)  
10.5 4-(ethylamino)-6- NIST 197.12(M+), 183.08, 155.09, 
(isopropylamino)-1,3,5- 141.07, 111.05, 100.05,69.03 
triazin-2(IH)-one (23) 
10.1 	N2,N4-diisopropyl-6- 	NIST 	225.19(M")/226,20, 
meihoxy-1,3,5-triazine- 210.16/211.18, 183.14, 
2,4-dianvne (3) 	 168.11/169.13, 153.10, 141.08, 
112.06, 97.56, 69.05, 58.07 
8.9 	4,6-bis(ethylamino)- 	MST 	183.12(M)/184.14, 155.12, 
1,3,5-triazin-2(1H)-one 141.09, 111.07, 100.07, 69.05 
(22)  
7.4 	6-amino-4- 	 MS 	141.07(M`), 111.05/112.07, 
(methylamino)-1,3,5- 	 69.03, 43.03 
triazin-2(1H)-one (24) 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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Scheme 4.3: Probable pathway for the degradation of Prometon (3) catalyzed by Ti02 
in the presence of UV light. 
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4.4.4 Photocutalytic transformation of Clodinafop-propargyl (4) in 
acetonitrile water mixture in the presence of TiO2 
A solution of Clodinafop-propargyl 4 (1.23 mM) in CH3CN/H20 mixture (1:6, 180 ml) 
was irradiated with 125W medium pressure mercury lamp in the presence of Ti02  (Degussa 
P25 1.5 gL-1) for different time periods with constant stirring and bubbling of air in an 
immersion well photochemical reactor made of Pyrex glass. Figure 4.4 (a & b) shows the 
gas chromatogram of unirradiated and irradiated sample (3 hrs) of Clodinafop-propargyl 
respectively. The single peak at retention time (Re) 22.9 min in Figure 4.4 (a) corresponds to 
Clodinafop-propargyl confirmed by comparing its molecular ion and mass fragmentation 
pattern with that in NIST library. Figure 4.4 (b) shows the gas chromatogram of Clodinafop-
propargyl after irradiation for three hours indicating the formation of several intermediate 
products along with some unchanged starting material. The structure of eight degradation 
products have been confirmed on the basis of their molecular ion and mass fragmentation 
patterns as shown in Table 4.4. 
The formation of these products during pho1ocatulytie degradation of Clodinafop-
propargyl 4 in the presence of CH3CN/H2O could be understood in terms of the pathway 
shown in Scheme 4.4. The main reaction routes for the degradation involve dehalogenation, 
aromatic ring substitution, reduction of triple bond to double bond and cleavage of ether 
linkage. 
It is interesting to note that Compound 25 and 29 have also been observed to 
be formed during the direct photolysis of 4 on glass surface under sunlight 
and UV light[60]. 
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Table 4.4: Probable products formed during the photocatalytic degradation of 
Clodinafop-propargyl (4) along with their retention time and corresponding mass 
fragmentation. 
Retention Name Confirmed Mass Fragmentation 
Timc(min) By 
24.1 prop-2-ynyl 2-(4-(5-chloro-3- MS 346.934 (M)/348.926, 
hydroxypyridin-2- 310.977, 28 1.030, 
yloxy)phenoxy)propanoate(25) 264.022/266.022,235.985, 
219.987,207.977,179.996, 
172.055,146.055,127.986, 
99.903, 90.983, 72.570, 62.376 
24.0 allyl 2-(4-(5-chloro-3- MS 366.986 (M')/36&852, 
fluoropyridin-2-yloxy)-2- 266.016/268.014, 
hydroxyphenoxy)propanoate 237.979/238.995, 221.978, 
(27) 209.977, 176.026, 159.034, 
129.981, 90.894 
23.9 allyl 2-(4-(3-fluoro-5- MS 333.962 (M4), 
hydroxypyridin-2- 226.014/228.012, 198.932, 
yloxy)phenoxy)propanoate (28) 183.971, 170,949, 154.030, 
138.009, 124.974, 110.962, 
92.868 
22.9 2-Propynyl (R)-2-[4-(5-chloro- NIST 348.943(M4)/350.912/351.911, 
3-fluoro-2- 310.992,266.32/268.014, 
pyridinyloxy)phenoxy]propion 251.997,237.995/239.977, 
ate 221.978,209.976,204.010, 
(Clodinafop-propargyl) (4) 181.988, 176.025,159.034, 
129.980, 109.936, 90.894, 
75.672, 62.374 
17.6 2-(4-(5-chloro-3-fluoropyridin- MS 281,083 (M4), 
2-yloxy)phenoxy)acetaldehyde 237.977/238.996/240.983, 
(26) 210.984, 176.025/177.028, 
149.033, 129.982, 80.755, 
62.375 
16.2 4-(5-chloro-3-iluoropyridin-2- MS 237.979 (M') 
y1oxy)pheno1(32) /238.996/240.983,210.984, 
204.010, 176.029/177,028, 
156.031, 149.032, 129.980, 
108.982, 93.875, 80.755, 
75.660, 64.444 
13.9 prop-2-ynyl 2-(4- MS 220.039(M1 ) /221.043, 
hydroxyphenuxy)propanoate 137.056/138.060, 
(31) 109.994/111.003, 80.755, 
64.444 
5.9 2-plienoxyacetic acid (30) MS 152.038(M4 ), 109.994, 80.755 
3.8 5-chloro-3-fluoropyridin-2-ol MS 146.983 (M 4 )/148.979, 
(29) 118.976/120.986,91.831, 
56.180 
Note: Number in the parenthesis corresponds to the number of the compound in 
degradation scheme, 
/ F 	H CH1 D-CYq 
N o 	 c-c 'c b` 
1 / 	 S`OH 
4 
by fOq 
I 	 1- 
	
ei CH;ItH 	 2e,2H 
41CH 
+el-C,H OI OH 
CI 
N
F 
/ 	 *BICeHs6 CI 	I F 
0 1 !4 H' 	H off 
32 	 29  
2e I' 	 CH I+H 
'el-CT!OH 	 l•C3HOCH 
HO 
F 	I H O~CH 	
CI 	F 
HO-C HC ~1 	N OH 
Hy 	0 1, 0 	0 	CHp 	2 
tB 	 1 	OcN2COaH 
30 
+6r IOH 
CI 
h—OH 	CH, 0-CHz 
HC-C C ti 
0 'CH 
25 
I-05H2NCIO 
+H+ 
CH30-CH1 
cc c` 
Ha 1/ c 0 °CH 
31 
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4.4.5 Photocatalytic transformation of 1, 2-dichloro-4-nitrobenzene 
(5) in acetonitriLo water mixture in the presence of TLO,, 
A solution ofl,2-dichloro-4-nitrobenzene 5 (1.23 mM) in CH3CN/H20 mixture 
(1:6, NO in!) in the presence of TiO2  (Degussa P25 1.5 gL-') was irradiated with 
125W medium pressure mercury lamp for different time periods under analogous 
conditions. Gas chromatogram of unirradiated and irradiated samples (3, 6 and 9 hr) 
of 1,2-dichloro-4-nitrobenzene are shown in Figure 4.5 (a, b, c & d) 
respectively. It is obvious from Figure 4.5 (a) that unirradiated sample of compound 
5 shows a single peak at retention time (R,) 6.2 minutes corresponding to 1,2- 
dichloro-4-nitrobenzene con&rmed by comparing it's molecular ion and mass 
fragmentation pattern with that in NIST library. Gas chromatogram of the irradiated 
sample (3 hours) indicates the formation of several degradation products along with 
some unchanged starting material. The prolonged irradiation for six hours and then 
upto nine hours shows increase in the concentration of few products (formed after 3 
hours of irradiation) as well formation of several new products. The structure of few 
products corresponding to peaks at retention times (Re)  6.3 min., 6.6 min., 6.7 min., 
8.3 min. and 16.6 min. have been confirmed on the basis of their molecular ion, mass 
fragmentation pattern and also on comparison of their mass fragmentation data with 
that in the ATIST library. The molecular ion and mass fragmentation pattern of 1,2- 
dichloro-4-nitrobenzene and its different degradation products are shown in 
Table 4.5. The probable pathway showing the transformation of 1,2-dichloro-4-
nitrobenzene into various intermediate products in the presence of Ti02  
in accetonitrile water mixture is shown in Scheme 4.5. 
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Table 4.5: Probable products formed during the photocatalytic degradation of 1,2-
dichloro-4-nitrobenzene (5) along with their retention time and corresponding mass 
fragmentation. 
Retenti Name Confirme Mass fragmentation 
on time fly 
(min) 
16.6 1,2-bis(3,4- NIST 318 (M`)/319.947, 172.975/174.9, 
dichlorophenyl)diaz 144.963/146.9, 108.984, 75.021 
cue (38) 
8.3 dichloronitrophenol NIST 206.957 (M`)/208.9/210.970, 
(33) 176.991/178.9,160.969,148.969, 
132.969/134.967,124.989,112.989, 
96.986,86.969,72.986,62.016 
6.7 2-chloro-5- NIST 172.990 (Mff)/174.990, 
nitrophenol (34) 142.992/144.992,126.995,107.011, 
98.994, 91.012, 72.979,63.018, 
53.001 
6.6 3,4-dichloroaniline NIST 160.98 (M)/162.9/164.979. 126.008, 
(36) 98.995, 90.027 
6.3 3,4-dichlorophenol NIST 161.967 (MD/163.91165.962, 
(35) 144.707, 98.995, 63.020 
6.2 1,2-dichloro-4- NIST 190.987 (nt€)/192.978/194.970, 
nitrobenzene (5) 160.974/162.971,144.983/146.974, 
132.972/133.9,108.995/110.987, 
83.978, 74.016/75.024/73.001, 50.017 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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The main routes of transformation of 1.2-dichloro-4-nitrobenzene 
under photocatalytic conditions were found to be dehalogenation, 
denitration, hydroxylation and dimerization. Thus the direct 
hydroxylation of 5 may give 33 whereas substitution of chlorine by 
hydroxyl radical lead to 34. 
Alternatively hydroxylation of 5 after denitration may give 
dichlorophenol 35. Complete reduction of nitro group of 5 to amino 
group via nitroso derivative 37 gives dichloroaniline derivative 36. 
Reaction of 36 with nitroso derivative 37 followed by loss of water 
gives diazene derivative 38. It is interesting to note that reduction of 
nitro group to amino via nitroso under photocatalytic conditions is well 
documented in literature [51-54]. 
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Scheme 4.5: Probable pathway for the degradation of 1,2-dichloro-4-nitrobenzene (5) 
catalyzed by TiO2 in the presence of UV light. 
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4.4.6 	Photocatalytic 	transformation 	of 	Monomethy-5- 
nitroisophthalate (6) in acetonitrile water mixture in the presence 
of Ti02 
A solution of Monomethy-5-nitroisophthalate 6 (1.23 mM) in CH3CN/H20 
mixture (1:6, 180 ml) was irradiated in the presence of TiO2 (Degussa P25 1.5 gL-t) 
with 125W medium pressure mercury lamp under analogous conditions. Gas 
chromatogram of unirradiated and irradiated samples (6 and 9 hours) of 
Monomethy-5-nitroisophthalate are shown in Figure 4.6 (a, b & c) 
respectively. Figure 4.6 (a) depicts the gas chromatogram of unirradiated sample 
showing a single peak at retention time (R) 12.2 minutes which corresponds to 
monomethyl-5-nitroisophthalte confirmed by comparison of mass fragmentation 
pattern with that in NIST library. The gas chromatogram after six hours of irradiation 
shows the formation of one product at retention time (Rt) 11.5 min along with some 
unchanged starting material at Rt 12.2 min as shown in Figure 4.6 (b). The prolonged 
irradiation for nine hours indicates the formation of another product at R, 7.1 min as 
well as increase in the concentration of product at Rt 11.5 min as shown in Figure 4.6 
(c). The molecular ion and mass fragmentation pattern of Monomethy-5- 
nitroisophthalate and its different degradation products are shown in Table 4.6. 
The probable pathway for the formation of products 39 and 40 from 6 in the presence 
of Ti02 and W light is shown in Scheme 4.6. Decarboxylation of 6 gives 
methylnitrobenzoate derivative 39 which upon hydroxylation may give product 40. 
The structure of 39 and 40 has been confirmed by comparing their molecular ion and 
mass fragmentation pattern with NIST library. It is important to mention here that, the 
decarboxylation and hydroxylation of benzene rings during photocatalytic 
conditions is well documented in literature [61-64]. 
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Table 4.6: Probable products formed during the photocatnlytic degradation of 
Monomethyl-5-nitroisophthalate (6) along with their retention time and 
corresponding mass fragmentation. 
Retention 	Name 	Confirmed 	Mass fragmentation 
time (min) by 
12.2 	3-(methoxycarbonyl)-5- 	NIST 225.05 (M4), 194.02/195.04, 
nitrobenzoic acid (6) 164.04, 148.02, 120.02, 75.02 
11.5 	methyl 4-hydroxy-3- 	NIST 197.05(M),166.02/167.07, 
nitrobenzoate (40) 151.05, 136.3, 120.03, 108.03, 
92.03, 63.02 
7.1 	methyl 3-nitrobenzoate 	NIST 181.05 (M;), 150.03/151.05, 
(39) 135.05, 120.04, 104.04, 92.04, 
76.03, 50.02 
Note: Number in the parenthesis corresponds to the number of the compound in the 
degradation scheme. 
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Chapter 5 
EROGENEOUS PHOTOCATALYZED DECOLORIZATION KINETICS 
OF THREE DYE DERIVATIVES IN AQUEOUS SUSPENSION OF 
TITANIUM DIOXIDE 13, z1  
5.1 Abstract 
This chapter deals with the photocatalyzed decolorization kinetics of three selected 
dye derivatives, Phioxine B (1), Ponceau BS (2) and Reactive BIue 160 (3) in aqueous 
suspension of TiO2 using UV light under a variety of conditions. The decolorization of 
these dyes was tested with different TiO2 photocatalysts varying in size, surface area 
and anatse: rutile ratio such as Millennium PC500, Hombikat UV100 and Degussa 
P25. Photolytic, Photocatalytic and dark adsorption experiments were performed in all 
three cases. Appreciable adsorption of all three dyes was observed on Hombikat 
UV 100 as compared to that on Degussa P25. The dark adsorption behavior of all three 
dyes has been found favorable by the Langmuir approach. The photocatalyst UV100 
was found to be more efficient for the decolorization of Phloxine B (1) whereas the 
decolorization of Ponceau BS (2) and Reactive Blue 160 (3) was found to be better in 
the presence of Degussa P25. The effects of various parameters such as catalyst 
loading, initial pH, substrate concentration and electron acceptors such as H2O2, 
KBrO3 on the decolorization have been investigated. Under the operating conditions 
employed the photocatalytic decolorization of dyes under study follow pseudo first-
order kinetics. The photo decolorization kinetics was discussed in terms of Langmuir- 
Hinshelwood kinetic model. 
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5.2 Introduction 
Water is an indispensable requirement for all forms of life on earth and its quality is 
crucial for the future of humanity. Rapid industrialization, though one of the surest 
ways of achieving accelerated economic growth, has affected human health 
directly or indirectly creating environment (air, water, soil) polluted by 
releasing wastes and untreated wastewater into the environment. Of all the 
various organic substances responsible for polluting water resources, dyes pose a great 
threat to the environment [3]. 
Therefore in recent years treatment of dye effluents has acquired growing interest and 
the techniques for decolorization of dyes and removal of colored organic chemicals are 
under development [4, 5]. 
Dye waste water has been traditionally treated by physical or chemical treatments such 
as flocculation, electro flocculation, membrane filtration, ion exchange, electro kinetic 
coagulation, precipitation etc but each method has technical and economic limitations 
[6-8]. 
Recently heterogeneous photocatalysis has proven to be a promising alternative 
teclmology to conventional methods for the removal of toxic organic and inorganic 
contaminants from industrial wastewater, since it not only degrades the pollutants but 
also causes their complete mineralization to CO2. H2O and mineral acids. The 
mechanism constituting heterogeneous photocatalytic oxidation processes has been 
discussed extensively in literature [9-11]. 
In the case of photocatalytic decolorization of dyes, there is a possibility of direct 
absorption of light by the dye which can lead to charge injection from exited state of 
the dye to the conduction band of the semiconductor as summarized in the following 
Eqs. (1-2); 
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Dyeads + by -t Dyeads* 	 (1) 
Dyeads*  + TiO2 —* Dyed,+ + TiO2 (e) 	 (2) 
Xanthenes represent a distinct class of dyes that are used in food, cosmetics, paper, 
and ink, due to superior dyeing and coloring properties, but have poor biodegradability 
and some of them are toxic [12]. Phloxine B (1), a xanthene dye, has been widely used 
as coloring additives in drugs and cosmetics. Phloxine B (1) has been used as a food-
coloring material in Japan since 1973 [ 13]. 
Heitz (1995) investigated the photo-insecticidal parameters of Phloxine B and Uranine 
and incorporated these dyes into insecticide bait marketed as Sure Dye (Photo Dye 
International, Baltimore, MD) which was used as a replacement for malathion in fruit 
fly suppression programs in USA and many other countries [14-19]. Hites et al. 
reported the presence of Phloxine B, along with other dyes, in colored wastewater 
samples from a municipal treatment plant [20]. 
Both Ponceau BS (2) and Reactive Blue 160 (3) are diazo commercial dyes containing 
sulphonate groups. Ponceau BS is used to dye wool, silk, cotton, paper whereas 
Reactive Blue 160 is used for dyeing cotton, viscose, flex and jute but not suitable for 
silk, wool and polyester. Ponceau BS has also been used as a plasma stain instead of 
acid fuchsin in Masson's trichome. Few studies related to the decolorization of 
Ponceau BS in the presence of nano photocatalysts are reported in literature [21, 22]. 
Reactive Blue 160 contains triazine rings and these types of dyes are of particular 
importance due to well known resistance of the s-triazines to light induced fading. 
However, only a few studies on their decolorization have been reported in the 
literature [23-26J. Therefore we have studied the detailed decolorization kinetics of 
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5.3 Experimental methods 
5.3.1. Reagent and Chemicals 
The dye derivatives Phloxine B (1) and Ponceau BS (2) were purchased from Sigma- 
Aldrich India whereas Reactive Blue 160 (3) was supplied by Atul India Ltd. Valsad, 
Gujarat India and were used as such without any further purification. In case of dye 
derivatives 2 and 3 most of the heterogeneous photocatalytic tests were carried out 
using Degussa P-25 (Degussa AG, anatase: rutile: 80:20, specific BET 50 m2(', 
particle size 21 nm) [27] whereas in case of dye derivative 1 Hombikat UVI00 
(Sachtleben Chemie Gmbl4, anatase, specific BET 250 m2g ', particle size 5-10 nm) 
[28] was used in most of the experiments. Other Ti02 powder used for comparison 
was PC500 (Millennium Inorganic Chemicals, anatase, specific BET 320 m2g'1, 
particle size 5-10 run) [29]. All other chemicals used in this study such as sodium 
hydroxide (30%), nitric acid, hydrogen peroxide and potassium bromate were of 
reagent grade obtained from Merck. Double distilled water was used throughout the 
work. Aqueous stock solutions of dyes were prepared, protected from Iight and stored 
at 25 °C. 
5.3.2 Experimental setup and procedures 
Photocatalytic experiments were carried out in an immersion well photoreactor made 
of Pyrex glass equipped with a magnetic bar, a water circulating jacket and an opening 
for molecular oxygen- Required amount of the photocatalyst was then added and 
equilibration of the solution was assured by continuous stirring and atmospheric 
oxygen supply for at least 15 minutes in the dark. Irradiations were carried out using 
125 W medium pressure mercury lamps (Philips). The light intensity was measured by 
UV-light intensity detector (Lutron UV-340) and was found to be in the range of 
1.49-1.51 mW/cm2. 
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UV-light intensity detector (Lutron UV-340) and was found to be in the range of 
1.49-1.51 mW/cm2. 
For the pholocatalytic experiments, 180 mL of the aqueous dye solution of desired 
concentration containing the appropriate quantity of the catalyst was magnetically 
stirred, while the solution was purged continuously with atmospheric oxygen. At 
specific time intervals samples (6 mL) were withdrawn, centrifuged in order to remove 
Ti02 particles and subsequently analyzed. Heterogeneous photocatalytic experiments 
with TiO2 were carried out at pH of suspensions, which were 5.2, 4.9 and 6.3 fox dye 
derivatives 1, 2 and 3 respectively, unless otherwise stated in the text. The reaction 
temperature was kept constant at 20f0.3 °C. 
5.3.3 Analysis 
The decolorization of dye derivatives 1-3 was monitored using UV spectroscopic 
analysis technique (Shimadzu UV-Vis 1601). The concentrations of dye derivatives 
were calculated by standard calibration curve obtained from the absorbance of the 
dyes at different known concentrations. The change in absorbance of the dyes 1-3 was 
followed at their respective Xtnax (537, 505 and 618 nm respectively) as a function of 
irradiation time. The effect of each parameter was studied by fixing the values of other 
parameters. The pH of the solution was measured by using Hanna Instruments (HI 
2210) digital p1-I meter. 
5.4 Results and Discussion 
5.4.1 Dark adsorption 
Adsorption of pollutants on the semiconductor surface is an important parameter in 
heterogeneous photocatalysis since it determines the photocatalytic 
degradation/decolorization rate. The adsorption experiments were carried out in order 
to evaluate the equilibrium constant of adsorption. Adsorption isotherm expresses the 
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different initial dye concentrations, Cr. were prepared. Ten milliliters from each 
solution were transferred into 10 nnL colored standard flasks each preloaded with Ti02 
(Degussa P25 or Hombikat UV100) at a concentration of IgL". The flasks were then 
agitated simultaneously for 24 h at room temperature using shaker. The suspensions 
were centrifuged in order to remove the Ti02 particles and the equilibrium 
concentration of dyes, Ceq was determined. The change in concentration of the dyes 
was calculated from the standard calibration curves obtained from the absorption 
intensity of the dyes 1-3 at different concentrations. The amount of the substrate 
adsorbed onto the catalyst, q (mol g') was determined using Eq. (3). 
C;,, —C,g 
4= 	1 	 (3) 
Cnn, 
Where q is the amount of dye adsorbed per unit weight of the Ti02 at equilibrium and 
Cr02 (gL-') is the concentration of the TiO2. Figure 5.1 (a) - 5.3 (a) shows that 
adsorption of dyes 1-3, follows Langmuir adsorption model at lower concentration 
range. Eq. (3) can also be written in a modified form as shown in Eq. (4): 
(4)  
0+Km kcC w ) 
Where q... (mol g') is the maximum amount of substrate that can be adsorbed per 
unit weight of Ti02 and Kd„k (L mol t ) is the equilibrium adsorption constant. Eq. (4) 
can be written in a linear form as Eq. (5): 
C, = 1 	C-1 + 	(5) 
q 	q1' Kdmk qmm 
The values of Ktk and qm. were calculated from the plot of Figure 5.1 (b) — 5.3 (b) 
according to Eq. (5). 
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Figure 5.1 (a): Dark adsorption isotherms of Phloxine B (1) on Ti02 (Degussa P25 
and Hombikat UVIOO): q = f(Ceq), [P25] _ [UVIOO] = lgL-' , [Initial pH] = 5.2. (b). 
Linearization of the data according to Eq. (5) showing Langmuir model curve fit. 
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Figure 5,2 (a); Dark adsorption isotherms of Ponceau BS (2) on Ti02 (Degussa P25 
and Hombikat UV 100): q = f(C), [P25] = [UV 100] = IgL-' , [Initial pH] = 4.9. (b). 
Linearization of the data according to Eq. (5) showing Langmuir model curve fit. 
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Figure 5.3 (a): Dark adsorption isotherms of Reactive Blue 160 (3) on TiO2 (Degussa 
P25 and Hombikat UVIOO): q = f(Cey), 1P25] = [UV 100] = lgL'' , [Initial pl-I] = 6.3. 
(b). Linearization of the data according to Eq. (5) showing Langmuir model curve fit. 
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The dimensionless separation factor, RL, (Eq. (6)), indicates the shape of the Langmuir 
isotherm to be either favourable (0< RL <1), unfavourable (RL>1), linear (RL=1) or 
irreversible (RL=O). 
R = 	1 	(6) c-1+K~w,* k 
Where Ch is the highest initial concentration. Table 5.1 shows the values of Langmuir 
	
equilibrium adsorption constant Kaac, 	and RL factor. Experimental results 
represent a good correlation of the Langmuir model with R2 above 0.99. Further as 
shown in Table 5.1 Hombikat UVIOO was found to have higher binding constant and 
higher adsorptive capacity than P25 for all three dyes under investigation. 
5.4.2 Photolysis and Photocatalysis of dye derivatives 1-3 
In order to evaluate the efficiency of various processes on dye decolorization, 
experiments were carried out under the following conditions: (1) dye+ hv, (2) 
dye+PC500+ by (3) dye+P25+hv,(4) dye+UV 100+hv, (5) dye+KBrO3+hv, (7) 
dye+P25+KBrO3+hv, (9) dye+H202+hv and (10) dye+P25+H202+ hv. The efficiency 
of various processes was assessed in terms of percent decolorization and values of rate 
constant (Kam ). The percentage of decolorization (R) was estimated by the following 
equation (7): 
R(%)=(1—C )`x100 (7) 
a 
Where C, is dye concentration (mML-') in aqueous solution at time t; Co is initial dye 
concentration (mML'). There are various reports on the photocatalytic decolorization 
of dyes following Langmuir-Hinshelwood kinetic model [30-33] which is commonly 
expressed as: 
dC kKC 	(g) 
dt I+KC 
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Table 5.1: Dark adsorption constants of Phloxine B (1), Ponceau BS (2) and Reactive 
Blue 160 (3) in the presence of two different photocatalysts: [Degussa P251 
[Hombikat UV 100} = 1gL-1  
P25 	0.193x10 	1.36x105 	0.196 	0.99 
Ponce:iu BS 	P25 1.42.10' 6.07x10' 0.14 0.99 
UV100 1.34x10-0  1.75x105 0.05 0.99 
Reactive Blue 160 	P25 1.64x10"' 1.30x10 0.05 0.99 
UV100 5.33x10' 2.20x109 0.03 0.99 
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Where k is the reaction rate constant (mM/Lmin); K is the adsorption coefficient of the 
reactant (Lmlvl"); and C is the reactant concentration (mML- '). When the concentration 
C is very small, KC is negligible with respect to unity so that Eq. (8) can be simplified 
to an apparent pseudo-first-order kinetics [30]. 
_dC =kKC=k r ,C 	(9) at 
In CO =k t 	(10) 
Where kayp is the apparent pseudo-first-order rate constant (min-1). 
5.4.2.1 Photolysis and Photocatalysis of dye derivative 1 
Aqueous solutions of dye derivative 1 (0.03 mM, 180 ml) were irradiated in the 
presence of three different TiO2 powders (Degussa P25, Hombikat UVIOO and 
Millennium PC500) using 125 W medium pressure mercury lamp under continuous air 
purging and the photodecolorization was followed spectrophotometricaLly as a 
function of time. As a representative example, Figure 5.4 (a) shows decrease in 
absorption intensity of I at its Xm. 537 nm in the presence of Ti02 (UV 100, 1 gLj 
with increasing irradiation time. The intensity of the shoulder peak at 500 am also 
decreases with increase in irradiation time. For our experimental conditions, data is in 
good agreement with pseudo first-order reaction as depicted by plotting In (Ca/C,) 
versus irradiation time for the decolorization of dye derivative 1 in the presence of 
three catalysts as shown in Figure 5.4 (b). The correlation constant for the fitted lines 
was calculated to be R2= 0.99 for all three catalyst. The rate constants (Kapp) were 
calculated to be 0.3987 min', 0.1663 min' and 0,59561111112  for PC500, UV 100 and 
P25 respectively for dye derivative 1. As shown in Figure 5.4 (c), the direct photolysis 
(in the absence of catalyst and electron acceptor) was not found to be an efficient 
process for the decolorization of dye derivative 1 and is negligible since less 
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Figure 5A (a): Change in absorption spectrmn of an aqueous solution of Phloxine B 
(1) as a function of irradiation time in the presence of photocatalyst (UV100). (b): Plot 
of In (C0/C[) = f(t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 coW/cm2) Photocatalyst: Ti02; [Degussa P25] _ [UVI00] _ [PC500] = 1 
gL'', [Phloxine B] = 0.03 mM, [Initial pH] = 5.2, Temp. = 20±0.3 °C. Vol. = 180 mL, 
Irradiation time = 5 min. 
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Figure 5.4 (c): Change in concentration of an aqueous solution Phloxine B (1) as a 
function of irradiation time under different conditions. 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 m\V/cmz), Photocatalyst TiO2; [Degussa P25] _ [UV100] = [PC500] = 1 
gL", [H202] = 16 mM, [KBrO3] = 100 mg, [Phloxine B] = 0.03 mM, [Initial pH] 
5.2, Temp. = 2040.3 °C. Vol. = 180 rnL, Irradiation time = 5 min. 
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than 2% of decolorization was found to occur within 5 min of UV light. The combined 
action of UV light and different types of Ti02 powders showed efficient 
decolorization. The application of PCS00 gave 58.2% decolorization within five 
minutes of illumination. The corresponding efficiencies for other catalysts were found 
to be; 87.3% for P25 and 95% for UVI00 within 5 minutes. The decolorization 
efficiency using H202  with UV light without photocatalyst was found to be 14.93 % 
for 1, whereas in the presence of KBrOj, 23 % decolorization was observed. Addition 
of TiO2 (Hombikat UV100, lgL-') along with H202 increased the efficiency upto 
97.63 % and with KBrO3 the efficiency increased upto 99.95 %. The above results 
demonstrated that the photocatalytic experiments occurred in a pure photocatalytic 
regime where photolytical processes are negligible. 
5.4.2.2 Photolysis and Photocatalysis of dye derivative 2 
Aqueous solutions of dye derivative 2 (0.1 mM, 180 ml) were irradiated in the 
presence of three different T102 powders (Degussa P25, Hombikat UVIOO and 
Millennium PC500) using 125 W medium pressure mercury lamp under continuous air 
purging. As a representative example, Figure 5.5 (a) shows decrease in absorption 
intensity of 2 at its 7°,°,. 505 mu t in the presence of Ti02 (Degussa P25, 1 gl;'). The 
plot of In (Co/C,) versus irradiation time for the decolorization of 2 in the presence of 
three catalysts is shown in Figure 5.5 (b) indicating good agreement with pseudo first-
order reaction kinetics with correlation constant (R2) for the fitted lines around 0.99 
for all three catalysts. The values of rate constant (K) were calculated to be 0.0831 
min t, 0.1163 min'] and 0.1620 min for PC500, UV 100 and P25 respectively for dye 
derivative 2. 
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Figure 53 (a): Change in UV spectrum of an aqueous solution of Ponceau BS (2) as a 
function of irradiation time in the presence of photoeatolyst (P25). (b): Plot of 
In (C0/C J = f(t)• 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = [UV100] _ [PC500] = 1 
gL"', [Ponceau BS] = 0.1 mM, [Initial pH] = 4.9, Temp. = 20±0.3 °C. Vol. = 180 mL, 
Irradiation time =15 mm- in.
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As shown in Figure 5.5 (c), the direct photolysis (in the absence of catalyst and 
electron acceptor) is negligible since less than 5% decolorization of dye derivative 2 
was achieved with 15 minutes of irradiation. The combined application of UV light 
and different Ti02 catalysts (PC500, UV]OO and P25) increased the deeoloriaation of 
dye derivative 2 upto 72.68, 82.41 and 90.68 % respectively. The decolorization 
efficiency using H202 with UV light alone was found to be 28.86% for 2 and that with 
KBrO3 was 9.92 %. The addition of Ti02 (Degussa P25 1 gL') along with H302 and 
KBrO3 increased the efficiency upto 99.28 °/v and 99.93 % respectively. 
5.4.2.3 Photolysis and Photocatalysis of dye derivative 3 
Aqueous solutions of dye derivative 3 (0.137 mM, 180 ml) were irradiated in the 
presence of three different Ti02 powders (Degussa P25, Hombikat UV100 and 
Millennium PC500) using 125 W medium pressure mercury lamp under continuous air 
purging. As a representative example, Figure 5.6 (a) shows decrease in absorption 
intensity of aqueous dye solution of 3 at its 1,,,n 618 mum the presence of Ti02 
(Degussa P25, 1 gL-'). The plot of In (Ce/C~) versus irradiation time for the dye 
derivative 3 in the presence of three TiO2 photocatalysts is shown in Figure 5.6 (b) 
indicating that decolorization of dye derivative 3 also follows pseudo first-order 
reaction kinetics. The rate constants (K) were calculated to be 0.0321, 0.0493 and 
0.0577 min' for PC500, UV 100 and P25 respectively for dye derivative 3. 
Figure 5.6 (c) shows that less than 7 % decolorization of dye derivative 3 was 
achieved after 21 minutes of irradiation in absence of any catalyst and electron 
acceptor. The combined application of UV light and different TiO2 catalysts 
0.6 
LJ D
D.4 
0.2 
1.0 
0.8 
0.0 
• Poncem Bs / hr 
t Ponceau Bs/ ABrO3/Lv 
Ponceau Bs/H2O.,; hr 
—0— Ponceau Bs / PC500 / by 	(C)  
A Ponceau Bs! ll'100!Le 
Ponceau Es / P25 / lu' 
—?r_ P°nceau HLl U"El00!HZ02/hr 
, v,,.,.o... a. rtnrl nn Iua..n iu. 
215 
0 	3 	6 	9 	12 	15 
Irradiation Time (min) 
Figure 5.5 (c): Change in concentration of an aqueous solution Ponceau BS (2) as a 
function of irradiation time under different conditions. 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medimn pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P25] = [UVI00] = [PC500] = 1 
gL-I, [11202] = 16 mM, [KBrO3] = 100 mg, [Ponceau BS] = 0.1 mM, [Initial pH] = 4.9, 
Temp. = 20±0.3 °C. Vol. = 180 mL, Irradiation time = 15 min. 
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Figure 5.6 (a): Change in UV spectrum of an aqueous solution of Reactive Blue 160 
function of irradiation time in the presence (3) as a 	 of photocatalyst (P25). (b): Plot of 
In (Co/Cs) = f (t). 
Experimental conditions; Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = [UV100] ° [PC500] = I 
gLt, [Reactive Blue 160] = 0.137 mM, [Initial pH] = 6.3, Temp. = 20±0.3 °C. Vol. _ 
180 mL, Irradiation time = 20 min. 
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Figure 5.6 (c): Change in concentration of an aqueous solution Reactive Blue 160 (2) 
as a function of irradiation time under different conditions. 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = [UVIOO] = ]PC500] = 1 
gL-', [H2Oz] = 16 mM, [KBrO3] = 100 mg, [Reactive Blue 160] = 0.137 mM, [Initial 
pH] = 6.3, Temp. = 20f0.3 °C. Vol. = 180 mL, Irradiation time = 20 min. 
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(PC500, UV100 and P25) increased the decolorization of dye derivative 3 upto 
48.39 %, 63.78 % and 70.04 % respectively. The decolorization efficiency using H202 
with UV light alone was found to be 23.54 % and that with KBrO3 was 9.03 %. The 
addition of Ti02 (Degussa P25 1 gL') along with H202 and KBrO3 increased the 
efficiency upto 98.12 % and 99.25 % respectively. The above results demonstrated - 
that the photocatalytic experiments occurred in a pure photocatalytic regime where 
photolytical processes can be neglected. 
5.5 Effect of catalyst dosage on the decolorization of dye derivatives 1-3 
In case of heterogeneous photocatalytic reactions, degradation rates have been found 
to be dependent on catalyst loadings. Therefore from application point of view, 
optimal catalyst loading for efficient decolorization of dyes has to be determined 
[34-37]. 
The effect of catalyst loading on the percentage of decolorization of dye derivatives 1-
3 was investigated using Degussa P25 and UV100 varying from 0.5 to 3 gL"t keeping 
all other parameters constant. Figure 5.7 (a) - 5.9 (a) show the effect of Degussa P25 
dosage on the decolorization of dye derivatives 1-3. The corresponding plots of In 
(Ci/C~) versus irradiation time for all three dyes are shown in Figure 5.7 (b) - 5.9 (b) 
respectively. The effect of Hombikat UV 100 dosage on the decolorization of dye 
derivatives 1-3 is shown in Figure 5.10 (a) - 5.12 (a). The corresponding plots of In 
(C0/C,) versus irradiation time for all three dyes are shown in Figure 5.10 (b) - 5.12 
(b) respectively. In case of dye derivative 1, increase of catalyst amount from 0.5 to I 
gL-t increased the decolorization efficiency from 89 to 95% with UV100 (Figure 5.10 
(a)) and 61.7 to 87.3% with P25 (Figure 5.7 (a)) within 5 minutes of irradiation. On 
the other hand in case of 2 better results were observed with P25 where increase in 
catalyst dosage from 0.5 to 1 gU' lead to increase in decolorization efficiency from 
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Figure 5.7 (a): Effect of Degussa P25 concentration on Decolorization of Phloxine B 
(1). (b): Plot of In (Cn/Ct) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P25] = 0.5, 1, 2 and 3 gL'I, 
[Phloxine B] = 0.03 mM, [Initial pH] = 5.2, Temp. = 20f0.3 °C. Vol. = 180 mL, 
Irradiation time = 5 min. 
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Figure 5.8 (a): Effect of Degussa P25 concentration on Decolorization of Ponceau BS 
(2). (b): Plot of In (Co/Cu = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P253 = 0.5, 1, 2 and 3 gL , 
[Ponceau BS] = 0.1 mM, [Initial pH] = 4.9, Temp. = 20±0.3 °C. Vol. = 180 mL, 
Irradiation time = 15 min. 
221 
109 
so 
60 
S ao 
20 
0 
0 	J 	8 	12 	16 	20 
Irradiation Time (min) 
"~— Reactive Blue 160 1 P25 (0.5 gL-1 ) I by 
Lo 
Reactive Blue 1601 P25 (1.0 ~L-1) ! by 
T Reactive Blue 1601 P25 (2.0 gL-1) / hr 
2.0 	—' Reactive Blue 160/ P25 (3.0 gL-1) 1by 
~Y 1S 
1.0 
0.9 
3 
	
3 	1] 	16 	20 
Irradiation Time (min) 
Figure 5.9 (a): Effect of Degussa P25 concentration on Decolorization of Reactive 
Blue 160 (3). (11): Plot of In (CoCr) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P25] = 0.5, 1, 2 and 3 gL-I, 
[Reactive Blue 160] = 0.137 mM, [Initial pH] = 6.3, Temp. = 20±0.3 °C. Vol. = 180 
mL, Irradiation time = 20 min. 
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Figure 5.10 (a): Effect of Hombikat UV100 concentration on Decolorization of 
Phloxine B (1). (b): Plot of In (CoJC,) = f (t). 
Experimental conditions: Reaction vessel• Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Hombikat WI00] = 0.5, 1, 2 and 3 gL" r, 
[Phloxine B] = 0.03 mM, [Initial pII] = 5.2, Temp. = 20+0.3 °C. Vol. = 180 mL, 
Irradiation time = 5 min. 
223 
so - (a) 
60 - 
e 
-C 40 
30 
• Ponceau BS /1n i L1'304 (0.9 gC1) 
-0 - Pouceau ES/In / LRV100 (1.0 gL4 ) 
'  Ponreau BSilr/ GVI00 (2.0 gt'1) 
Ponceau BS fin / UV100 (3.0 gU1) 
cc 
0 	3 	6 	9 	12 	15 
Irradiation Time (min) 
1.9 
1.6 
1.4 
1_' 
r 1.0 
LY 0.3 
0.6 
0.4 
0l 
0.0 
0 	3 	6 	9 	12 	15 
Irradiation Time (min) 
Figure 5.11 (a): Effect of Hombikat UVI00 concentration on Decolorization of 
Ponceau BS (2). (b): Plot of In (Co/Ct) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensit1' 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Hombikat UVIO0] 0.5, 1, 2 and 3 gL" 
[Ponceau BS] = 0.1 raM, [Initial pH] = 4.9, Temp. = 20±0.3 °C. Vol. = 180 mL, 
Irradiation time ° 15 min. 
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Figure 5.12 (c): Effect of Hombikat UVIOO concentration on Decolorization of 
Reactive Blue 160 (3). (b): Plot of In (C0/q)=f  (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [HQmbil at UV 100] = 0.5, 1, 2 and 3 gL f, 
[Reactive Blue 160] = 0.137 mM, [Initial pH] = 6.3, Temp. = 2010.3 °C. Vol. = 180 
mL, Irradiation time = 20 min. 
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71.73 to 90.68% using P25 and 68.08 to 82.41% using UV100. In both cases further 
increase in catalyst loading beyond IgL"' decreased the decolorization efficiency. In 
contrast in the case of dye derivative 3, increase of catalyst amount from 0.5 to 3 gL-t 
increased the decolorization efficiency from 26.61 to 89.94% using UV100 and 27.73 
to 90.98% using P25. 
The decolorization of dyes is influenced by the number of available active sites, extent 
of photo-absorption by the catalyst used and the adsorption of dyes onto the catalyst 
surface [31]. The reason for the increase in percentage decolorization up to 1gL:t could 
be attributed on the basis of the fact that the number of available active sites for dye 
adsorption on the photocatalyst surface increases with increase in catalyst amount. 
However, further increase in catalyst loading (>IgL') lead to decrease in 
decolorization efficiency. At higher catalyst loading, the agglomeration of the catalyst 
increases the turbidity of the suspension reducing the light penetration. This results in 
decreased catalytic surface and hence less active sites as well as decreased generation 
of active species responsible for photocatalytic reactions [38]. Needless to say that this 
optimum amount of catalyst depends on the initial concentration of the pollutant, 
geometry and the working conditions of the reactor and corresponds to the optimum of 
light absorption [39]. 
All following photocatalytic experiments of 1 were carried out with W100 and for 2 
and 3 with P25 with a catalyst loading of 1 gL-' because of better decolorization 
efficiency. 
5.6 Effect of initial dye concentration on the decolorization of dye derivatives 1-3 
From mechanistic as well as from application point of view it is important to study the 
dependence of decolorization kinetics on the initial dye concentration. The effect of 
various initial dye concentrations on the photocatalytic decolorization of 1-3 has been 
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investigated with catalyst loading of lgL1. The initial dye concentration was varied 
from 0.01-0.03 mM (for 1), 0.02-0.1 mM (for 2) and 0.03-0.137 mM (for 3). 
Figure 5.13 (a) - 5.15 (a) show the percentage decolorization of dye derivatives 1-3 at 
different initial dye concentrations. Plots of In (COIC,) versus irradiation time for 
different initial concentration of 1-3 are shown in Figure 5.13 (b) - 5.15 (b) 
respectively. It was found that in all three dyes, the percentage of decolorization 
decreased with increase in initial dye concentration in the range of dye concentration 
studied. The decolorization efficiency was found to decrease from 99%to 95.1% with 
increase in the initial Phloxine B (1) concentration from 0.010 to 0.03 mM after 5 min 
of irradiation. In case of Ponceau BS (2) the decolorization efficiency was found to 
from decrease 98.24%to 90.68% with increase in initial substrate concentration from 
0.02 to O.ImM after 15 min of irradiation. In case of reactive Blue 160 (3), 
decolorization efficiency decrease from 90.08% to 70.04% with increase in initial 
substrate concentration from 0.03 to 0.137 mM after 20 min of irradiation. The 
decrease in decolorization efficiency at higher dye concentration may be due to the 
shielding of light which may result in decreased light triggered catalyst. Moreover at 
higher initial dye concentration, a large number of substrate molecules along with the 
intermediates formed may compete for the constant total sites available for adsorption 
at a fixed concentration of TiO2. This reduces the formation rate of reactive species 
necessary for redox reactions to occur. Similar results have been reported for the 
photocatalytic decolorization of other dyes [40, 41]. 
Many authors have used Langmuir-Hinshelwood (L-H) kinetic model to describe the 
heterogeneous photocatalytic reactions successfully in terms of the concentration of 
the target molecule [42, 43]. The experimental data has been rationalized in terms of 
the modified form of L-H kinetic model to describe the solid-liquid reaction 
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Figure 5.13 (a). Effect of initial substrate concentration on decolorization of Phloxine 
13(1). (b): Plot of In (C0IC,) = f (t). 
Experimental conditions: Reaction vessel: Immersion well phoyoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Ilombikat UV100] = I gL-', [Phioxine B] 
= 0.010, 0.015, 0.020, 0.025 and 0.03 mM, [Initial pH] = 5.2, Temp. =2O0.3 °C. Vol. 
= 180 mL, Irradiation time = 5 min. 
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Figure 5.14 (a): Effect of initial substrate concentration on decolorization Ponceau BS 
(2). (b): Plot of In (Co/C1) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW(cm2), Photocatalyst: Ti02; [Degussa P25] = 1 gL"', [Ponceau BS] = 
0.02, 0.04, 0.06, 0.08 and 0.1 mlvi, [Initial pH] —4.9, Temp. = 20±0.3 °C. Vol. = 180 
mL, Irradiation time = 15 min. 
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Figure 5.15 (a): Effect of initial substrate concentration on decolorization of Reactive 
Blue 160 (3). (b): Plot of In (Co/C,) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactar made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(L49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] = 1 gL-1, [Reactive Blue 
160] = 0.03, 0.05, 0.07, 0.09 and 0.137 mM, [Lritial pH] = 6.3, Temp. = 20±0.3 °C, 
Vol. = 180 mL, Irradiation time = 20 min. 
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successfully. The rate of oxidation is proportional to the surface coverage of dye onto 
the TiO2 assuming the concentration of intermediates adsorbed onto the catalyst is 
negligible compared to that of the primary substrate. 
The effect of initial dye concentration on the decolorization efficiency can be depicted 
by rewriting Eq. (8) and (9) as: 
dC 	= k.Kr. rrC~ 	(11) 
d1 	01 	1 + KL C, 
This equation can be modified as: 
1 	1 	C. 	 (12) 
krr k,K1.-H k. 
Where C, is the concentration of dye at adsorption equilibrium, k, the apparent L-H 
reaction rate constant and KL.x is taken to be Langmuir-IIinshelwood adsorption 
constant. 
k, reflects the limiting rate of the reaction at maximum coverage under the given 
reaction conditions and K1.41 represents the equilibrium constant for adsorption of dye 
on the illuminated Ti02 (UV100). The applicability of L-H equation for the 
decolorization of dye derivatives 1-3 has been confirmed by the linear plot of (1/kaoy ) 
= f (Ce) as shown in Figure 5.16 — 5.18 respectively. 
The values of kr and KL.y are shown in Table 5.2. The values of adsorption constant 
Kj,,,k for 1-3 during dark adsorption experiments were about 13, 5.2 and 8.66 times 
higher respectively, than the adsorption constant KL_y for photocatalytic experiments 
employing W 100 for 1 and P25 for 2-3. The result is in accordance with previously 
reported result where Ky_H of three herbicides has been found to be almost similar or 
slightly lower than their respective KaerR values [43]. 
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Figure 5.16: Transformation of Langmuir-Hinshelwood kinetics according to Eq. 
(10): 1/Kapp — f (Ccq). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Hombikat UV I00] = 1 gL-', [Phloxine B] 
= 0.010, 0.015, 0.020, 0.025 and 0.03 mM, [Initial pH] = 5.2, Temp. = 20±0.3 °C. Vol. 
= 180 mL, Irradiation time = 5 min. 
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Figure 5.17: Transformation of Langmuir-]Iinshelwood kinetics according to Eq. 
(10): I/K.pp=f (Cc). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mWlcm2), Photocatalyst: TiO2; [Degussa P251 = 1 gL4, [Ponceau BS] 
0.02, 0.04, 0.06, 0.08 and 0.1 mM, [Initial pH] = 4.9, Temp. = 20'0.3 °C. Vol. = 180 
mL, Irradiation time = 15 min. 
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Figure 5.18: Transformation ofLangmuir-Hinshelwood kinetics according to Eq. 
(10): I/Knpp ° f (Cea). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lam?. Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P25] = 1 -L- , [Reactive Blue 
160] — 0.03, 0.05, 0.07, 0.09 and 0.137 mM, [Initial pH] = 6.3, Temp. — 20f03 °C. 
Vol. = 190 mL, Irradiation time = 20 min. 
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Table 5.2: L-H kinetic constants of dye derivatives 1-3 obtained from Figure 5.16-
5.15 respectively. 
Jr. ICL.N  
Dye (mot L-'miri') (L moll ) I[2 
PhloxineB (1) 2.35x10-' 5.72x104 0.99 
Poncenu BS (2) 2.86x10"5 1.20x10°  099 
Rcuctive Blue 160 (31 1.11 x10" 5 1.49x10°  0.99 
235 
It has been reported by other authors that the binding constants of many organic 
substrates determined under photocatalytic conditions are always greater than the 
binding constants measured in dark adsorption experiments [44-46]. The reasons for 
this are a matter of debate in the literature. However, this general trend could not be 
confirmed in the case of the photocatalytic decolorization of the dyes studied in this 
work. In reality, the binding constants in Eq. (10) rarely correspond to the 
adsorption/desorption equilibrium constants determined in the dark [45, 46], due to 
possible modification of the surface characteristics and adsorption sites when the 
surface of TiO2 is irradiated with UV light. 
5.7 Effect of initial pH on the decolorization of dye derivatives 1-3 
The surface properties of metal oxides under acidic or alkaline conditions can have 
considerable implications upon their photocatalytic activity [47], therefore solution pH 
is an important parameter that influences the photocatalytic decolorization of organic 
pollutants like dyes. The effect of initial pH on the decolorization of 1-3 was 
investigated at different pH values ranging from 3 to 11 at initial dye concentration of 
0.03, 0.1 and 0.137 mML'' respectively. The results are illustrated in Figure 5.19 (a) — 
5.21 (a). Increase in pH from 3.5 to 5.2 for 1 and from 3.5 to 4.9 for 2 lead to increase 
in decolorization efficiency. Further increase in pH had apparent decrease in 
decolorization. After 5 minutes of irradiation, the decolorization efficiency was 89.8% 
in acidic medium (pH 3.5), 95.1% in weak acidic medium (pH 5.2) and 17.4% in the 
alkaline medium for dye 1. In case of dye 2, the decolorization efficiency was 88.49% 
in strong acidic medium (pH 3.5), 90.68% at natural pH (pH 4.9) and 43.75% in the 
alkaline medium (pH 11.0) after 15 minutes of irradiation. In case of 3, the 
decolorization efficiency was found to decrease with increase in pH from 3.4 to 10.8. 
It was found to be 88.09% in acidic medium (pH 3.4), 70.04% at natural pH 6.3 and 
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17.93% in alkaline medium at pH 10.8. The results indicated that the photocatalytic 
decolorization of all three dyes was most efficient in acidic medium than in alkaline 
solution. The linear fit between the In (Cc/CL) and irradiation time for different initial 
pH of dye solutions can be approximated as pseudo-first-order kinetics as shown in 
Figure 5.19 (b) - 5.21 (b). The values of rate constants Kong of decolorization 
processes can be obtained directly from the straight lines. The order of rate constant 
was pH 5.2 (0.5956 min-') > PH 4.5 (0.5640 miti') > pH 3.5 (0.4864 min') > pH 6.8 
(0.3573 mint) > pH 8.5 (0.1602 min') > pH 10.45 (0.0319 miti t) for dye 1. 
Correspondingly, the reaction half times were 1.16, 1.23, 1.42, 1.94, 4.33, 21.72 min 
respectively. In case of dye 2, the order of rate constant was pH 4.9 (0.1620 min-') > 
pH 3.5 (0.1457 min-) > pH 6.5 (0.1216 min-') > pH 8.0 (0.0993 mint) > pH 9.7 
(0.0677 min'') > pH 11.0 (0.0377 min''). The reaction half times were 4.2, 4.7, 5.6, 
6.9, 10.2 and 18.5 min respectively. In case of dye 3 the order of rate constant was pH 
3.4 (0.1102 min-') > pH 4.8 (0.0773 min ') > pH 6.3 (0.0577 ruin-') > pH 7.0 (0.0356 
mint) > pH 8.6 (0.0190 min') > pH I0.8 (0,OQ9ombi').The reaction half times were 
6.2, 8.9 12.0, 19.4, 36.4 and 77.0 min respectively. 
Since the pHp,, of Ti02 is about 6.25 [48], the Ti02 surface will be positively charged 
(Eq. (13)) in acidic medium (pH<6.25) whereas it will be negatively charged (Eq. 
(14)) in alkaline medium (pH>6.25). 
When pH<Pzc: TiOH + H' TiOHj' 	(13) 
When pH>Pzc: TiOH + OH- H Ti0- +H2O 	(14) 
All three dyes will be in anionic form in aqueous solutions due to hydrolysis of 
carboxyl group of 1 and sulphonate groups of 2 and 3. The efficient decolorization in 
acidic medium may be attributed to strong adsorption due to electrostatic 
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Figure 5.19 (a): Effect of initial pH on the decolorization of Phloxine B (1). (b): Plot 
of In (CO/C[) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mWfcmz), Photocatalyst: TiOy; [I-Iombikat WI00] = I gL-', [Phloxine B] 
= 0.03 mM, [Initial pH] = 3.5, 4.5, 5.2, 6.3, 8.5 and 10.45, Temp. = 20±0.3 °C. Vol. 
180 mL, Irradiation time = 5 min. 
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Figure 5.20 (a): Effect of initial pH on the decolorization of Ponccau BS (2). (b): Plot 
of In (C0/C1) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: TiO2; [Degussa P25] 	1 gL;t, [Ponceai BS] = 
0.1 mM, [Initial pH] = 3.5, 4.9, 6.5, 8.0, 9.7 and 11.0, Temp. = 2010.3 °C. Vol. = 180 
mL, Irradiation time ° 15 min. 
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Figure 5.21 (a): Effect of initial pH on the decolorization of Reactive Blue 160 (3). 
(b): Plot of In (C0/C1  = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 lV medium pressure mercury ]amp, Light intensity 
(1.49-1.51 mW/em2), Photocatalyst: TiO2; [Degussa P25] = 1 gL- , [Reactive Blue 
160] = 0.137 mM, [Initial pH] = 3.4, 4.8, 6.3, 7.0, 8.6 and 10.8, Temp. = 20d0.3 C. 
Vol. = 180 mL, Irradiation time — 20 min. 
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attraction between negatively charged dye molecules and positively charged Ti02  
surface. With increase in pH, the repulsive forces between negatively charged dye 
molecules and negatively charged Ti02 surface minimized the adsorption of the dye. 
Thus the observed decolorization of dyes slowed down. Moreover the reductive 
cleavage of azo bonds by electrons in the conduction band under acidic pH may also 
contribute to the better decolorization of azo dyes [49]. The slight decrease in 
decolorization efficiency at strong acidic pH in case of 1 and 2 may be due to fact that 
at low pH values TiO2 particles agglomerate, decreasing the catalyst surface area 
available for adsorption of dye molecules as well as photon absorption [50]. There are 
several reports on the better decolorization of anionic dyes (mainly sulphonated dyes) 
in acidic medium followed by a decrease in alkaline medium [51-53]. 
5.8 Effect of Electron acceptors on the decolorization of dye derivatives 1-3 
In highly colored wastewater where the decolorization is a major concern, the addition 
of electron acceptors to enhance the decolorization rate may often be justified. The 
effect of electron acceptor such as hydrogen peroxide and potassium bromate (at 
different concentrations) in the presence of atmospheric oxygen on the decolorization 
of dyes 1-3 has been investigated. 
5.8.1 Effect of H202 concentration on the decolorization of dyes 1-3 
The effect of varying H202 concentration (4-16 mM) on the decolorization of dye 
derivatives 1-3 in the presence of Ti02 has been investigated and the results are shown 
in Figure 5.22 (a) — 5.24 (a) respectively. The low concentration of H202 had a 
negative effect on the decolorization of 1 and 3 which is opposite of the trend for 
UV/H2O2ITiO2 process as shown in Figure 5.22 (a) and 5.24 (a) respectively. 
However with increase in concentration of H202  the percentage of decolorization 
increases. It was observed that percentage of decolorization, which was 95 % for 1 and 
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Figure 5.22 (a): Effect of H202 concentration on the decolorization of Phloxine B (1). 
(b): Plot of In (Co/C,) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Hombikat UVIOOJ = 1 gL"1, [Phloxin B] 
= 0.03 mM, [H202] = 4, 7, 10, 13 and 16 mM, [Initial pH] = 5.2, Temp. = 20-0.3 °C. 
Vol. = 1 SO mL, Irradiation time = 5 min. 
242 
100 
(a) 
80 
60 
' 
= ~0 
--r- Pnuceau BS %P25/ hs- 
J ouceau 
-4- Pouceau BS I P251 h - i H2OT(4mM) 
— —Pouceau BS IPIiI he/H2O (7 mM) 
201 
BS/ P25! by? H202 (D mM) 
--F- Ponceau BSiP2 iby/H20Z(19 m\2) 
--o-- Pauceau BS +P?i1 hv1H2O7 (16 m\1) 
0 	3 	6 	9 	12 	1= Irradiation Iime (win) 
6 
a 
Cr 
—3 
v 
1 
0 
0 	3 	6 	9 	12 	10 
Irradiation Time (min) 
Figure 5.23 (a): Effect of I-I2O2 concentration on the decolorization of Ponceau BS 
(2). (b): Plot of In (CdCr) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti02; [Degussa P25] = 1 gi]', [Ponceau BS] _ 
0.1 mM, [H202] = 4, 7, 10, 13 aid 16 mM, [Initial pH] = 4.9, Temp. = 20t0.3 °C. Vol. 
= 180 mL, Irradiation time = 15 min. 
100 
80 
60 
e ao 
20 
0 
0 
6 
9 
4 
a1  
3  
1 
a 	6 	12 	16 
Irradiatian Time (uain) 
E— Reactive Blue 1601 P25 1 l v 
Reactive Blue 160 /P2: /1w? 22  (4mML) 
T Reactive Blue 1601 P251 by 1 H202 (7 mM) 
-,6— Reactive Blue I60 / P251 hr! H202 (10 mM) 
• -- Reactive Blue 160/ P25 / by / 11202 (13 m-M ) 
—a— - Reactive Blue 160 / P25 / 6r / H202 (16 nukl ) 
(b) 
243 
30 
0 	 4 	 8 	 12 	16 	20 
Irradiation Time (min) 
Figure 5.24 (a): Effect of H202  concentration on the decolorization of Reactive Blue 
160 (3). (b): Plot of In (C/C) = f (t). 
Experimental conditions: Reaction vessel: Immersion well pholoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/em2), Photocatalyst: Ti02; [Degussa P25] = 1 gL-t , [Reactive Blue 
160] = 0.137 mM, [tI202] = 4, 7, 10, 13 and 16 mM, [Initial pH] = 6.3, Temp. _ 
20±0.3 °C. Vol. = 180 mL, Irradiation time = 20 min. 
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70.04 % for 3, in the absence of H202  decreased to 67.8 % and 62.15% respectively, in 
the presence of 4 mM of H202. The negative effect of 1 202 at lower dosage can be 
attributed to its adsorption on TiO2  particles in competition with dye molecules 
leading to scavenging of positive holes and decreasing the formation of hydroxyl 
radicals according to Eq. (15) and (16). Moreover at lower concentrations, the 
hydrogen peroxide can also scavenge the hydroxyl radicals generated at the TiO2 
surface before they enter the bulk of the solution which ultimately decreases the 
hydroxyl radical concentration and hence decreases the decolorization process. The 
results are in good agreement with previously reported results on degradation of 
dicamba and methyl tert-butyl ether [54, 55]. 
In case of 2, H202  addition increased the percentage of decolorization at all dosages as 
is evident from Figure 5.23 (a). The enhancement in decolorization efficiency with 
H202 addition may be attributed to hydroxyl radical's formed due to self 
decomposition of H202 by UV light (Eq. 17) and the ability of H202 to trap conduction 
band electrons so as to prevent electron-hole recombination ( Eq. 18) [56]. 
H2O2(ags) +21? 	02  +2H (15)  
H2O2(a,r,o + h* • HO Z + H+ (16)  
11102 + by 	2110 	(17) 
e + H2O2 —M HO + OH (18) 
5.7.2 Effect of KBrO3 concentration on the decolorization of dye derivatives 1-3 
The effect of KBr03 addition on the decolorization of dye derivatives 1-3 was 
investigated by varying its concentration from 20 to 100 mg. As shown in Figure 5.25 
(a) —5.27 (a), the addition of KBrO3 has enhancing effect at all concentrations studied 
on the decolorization of dye derivatives 1-3 when used along with Ti02. It was found 
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Figure 5.25 (a): Effect of KBrO3 concentration on the decolorization of Phloxine B 
(1). (b): Plot of In (Co/Ct) = f (t). 
Experimental conditions: Reaction vessel: lnvnersion well photoreactor made up of 
Pyrex glass, Light source: ]25 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/cm2), Photocatalyst: Ti01; [Hombikat UV100] = I gL-', [Phloxine B] 
= 0.03 mM, [KBrO3] = 20, 40, 60, 80 and 100 mg, [Initial pH] — 5.2, Temp. = 20 0.3 
°C. Vol. = 1 SO mL, Irradiation time = 5 min. 
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Figure 5.26 (a): Effect of KBrO3 concentration on the decolorization of Ponceau BS 
(2). (b): Plot of In (Co/Ct) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamp, Light intensity 
(1.49-1.51 mW/em2), Photocatalyst: Ti02; [Degussa P25] = 1 gL-1, [Ponceau BS] _ 
0.1 mM, [KBr031 = 20, 40, 60, 80 and 100 mg, [Initial pH] = 4.9, Temp. = 20±0.3 °C. 
Vol. = 190 mL, Irradiation time = 15 min. 
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Figure 5.27 (a): Effect of KBrO3 concentration on the decolorization of Reactive Blue 
160 (3). (b): Plot of in (Co1Ct) = f (t). 
Experimental conditions: Reaction vessel: Immersion well photoreactor made up of 
Pyrex glass, Light source: 125 W medium pressure mercury lamy. Light intensity 
(1.49-1.51 mW/cmz), Photocatalyst: Ti02; [Dcgussa P25] = 1 gL , [Reactive Blue 
160] = 0.137 mM, [KBrO3] = 20, 40, 60, 90 and 100 mg. [Initial pH] = 6.3, Temp. _ 
20 0.3 °C. Vol. = 180 mL, Irradiation time = 20 min. 
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that addition of 100 mg of KBrO3 to dye solutions of 1-3 along with TiO2 lead to 2.78, 
3.52 and 3.45 fold increase in the Kapp values, respectively, compared to that with TiO2 
only. The corresponding percentages of decolorization were 99.5, 99.86 and 98.12% 
compared to 95.0, 90.68 and 70.04% using TiO2 alone at the rate of I gL-' 
respectively. 
The effective electron acceptor ability of KBrO3 has been observed in number of 
previous studies [57-59]. The enhancement of the decolorization rate may be attributed 
to the reaction between bromate anion and conduction band electron (Eq. (19)) which 
reduces the electron—hole recombination [60]. 
Br03 + 6H 4 6e(cai 	r [Br02, HOBr] > Br + 3H20 	(19)  
A change in reaction mechanism due to reduction of bromate ions by electrons leading 
to the formation of other reactive radicals or oxidizing species like BrO2 and HOBr 
might be another possible reason for this rate enhancement. Furthermore, bromate ions 
by themselves can act as oxidizing agents as proposed by Linder for the photocatalytic 
degradation of 4-chlorophenol considering direct oxidation of the substrate by bromale 
ions [61]. A similar mechanism might also be operative in case of dyes 1-3 under 
investigation. 
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CONCLUSION 
The results of these studies indicate that TiO2 can efficiently catalyze the degradation 
of variety of organic compounds in the presence of UV light. The results also indicate 
that degradation of the pollutants could be influenced by a number of parameters such 
as the type of photocatalyst, initial pH, catalyst and substrate concentration and in the 
presence of electron acceptors beside molecular oxygen. 
It is obvious from these studies that photocatalytic properties of different TiO2 
powders differ considerably for the degradation of different systems. The 
photocatalyst, Degussa P25 was found to be more efficient for the degradation of all 
compounds studied in this thesis except for the dye derivative Phloxine B. For the 
decolorization of dye derivative Phloxine B, the TiO2 sample such as Hombikat 
W 100, a high surface anatase catalyst, was found to be better as compared with other 
Ti02 powders. The addition of electron acceptors were found to enhance the 
degradation rate/decolorization rate except in case of Dye derivatives Phloxine B and 
Reactive Blue 160 low concentration of H202  had a negative effect on the 
decolorization which is opposite of the trend for UV/H202/Ti02 process. The 
degradation/decolorization rate of the organic pollutants studied in this thesis was 
found to be most efficient in acidic medium than in alkaline solution. 
The photo decolorization kinetics of the three dye derivatives studies in this thesis 
was discussed in terms of Langmuir-Hinshelwood kinetic model. The adsorption of 
all three dye derivatives on TiO2 was found favorable by the Langmuir approach. The 
values of adsorption constant on TiO2 for all three dyes determined during 
photocatalytic experiment were found to be smaller than that measured in the dark 
which is a rarely reported situation in photocatalytic studies. 
xii 
The observations of these investigations clearly demonstrate the importance of 
choosing the optimum degradation parameters to obtain a high degradation rate, 
which is essential for any practical application of photocatalytic oxidation processes. 
The best degradation condition depends strongly on the specific kind of pollutant. The 
mineralization rate has been found to be slower than the degradation rate due to the 
fonnation of intermediate products formed during the degradation process. 
Phototransformation of pesticides is a key factor in their environmental behavior. 
Each of the twelve pesticide derivatives examined in this study underwent 
photocatalytic degradation, and detailed mechanisms of photocatalytic transformation 
were established by identification of intermediate products. The GC-MS technique 
was effective for the detection and identification of the formed degradation products. 
The photocatalytic degradation of pesticides of different chemical structures exhibited 
markedly different degradation mechanism. The major routes for the degradation of 
pesticide derivatives were found to be: (a) Dealkylation, dehalogenation, 
decarboxylation, denitration, if present (b) Hydroxylation (c) Oxidation of side chain, 
if present (d) Isomerization and cyclization (e) Cleavage of alkoxy, amide, amino-
alkoxy and ester bonds (f) Reduction of triple bond to double bond and nitro group to 
amino was also observed. 
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